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Preface ' : 7
Lreiace

3
Should this research effort have any positive effect upon the acquisi-

tion of weapon system software, the thanks are due primarily to the many

-

engineers and managers at ESD who fully smsupported thia research, Providi?g
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both favorable and unfavorable information on & sensitive topic, their adi,
was to improve software management and not to hide problems or failures A%

in estimating software cost,

Additional {hanks are due to Col, W, Woodruff, Director of the SATIN IV
i
program office, for pﬁaviding the TDY funds essential for this rosearch,
Thanks also $0 Lt Col Art Roscoe for the initial idea which led to this

research, The end result has been intereasting, rewarding, and hopefully

useful,
I Maintaining objectiviiy and producing a readable report were difficult
tasks for this writer, For their support in these areas, thanks are due

to Dr, C, McNichols and Dr, R, Tripp, my theais advimer and reader,

3 | Editing, proofreading, typing, and re-typing are some of the iess
rewarding tasks asgoclated with any research, Special thankse to . wife

Bet .y, who d.d all these jobs for a price still being negotiated,
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. Abstract

The estimate of software development cost is a key piece of information

N G

e

St

& in many software management decisions, No technique exists which can

! : consistently produce the reliable and accurate cost estimates which managers

| need, This thesis research effort explored the software cost estimating
process at the Electronic Systems Division (ESD) of the Air Force Systems

Command, The purpose of the research was to provide managers, researchers,

and cost estimators with a better insight into the cost estimating process,

Data were gathered from 16 major software acquisitions at ESD using
both a.structured interview and contractor furnished Cost Performance
Reports, The research findings identified some major problems which are
currently inhibiting the development of accurate and reliable software
cost estimates,

Tc reduce these problems, recommendaticas are made to adopt a common
cost eAatimating technique and to modify the use of contractor furnished
software cost information, While the research was limited to ESD, the
regearch findings and the recommendations may be applicable to other DoD

asoftware acquisition agencies,
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AN EXPLORATORY STUDY OF SOFTWARE COST ESTIMATION AT

THE ELECTRONIC SYSTEMS DIVISION

I, Introguction

DoD program managers will buy an estimated three billiou dollars worth
of software in 1976 (Aviation Week, 1976:41), Othexr managers throughout
the United States will buy an additional fifteen billion dollars worth of
software (Boehm, 1975:4), These managers face a common problem in pre-
dicting or estimating the cost of moftware,

In general, the accuracy of software cost estimates has been poor,
Undereatimation by a factor of 2,5 18 common while overestimations are
unheard of (Schwartz, 1975:56), While a number of efforts have been made
to develop improved cost eatimation techniques, no generally uccurate nor
reliable method for estimating software development comts has been found

(Morin, 1974),

Objective

The objective of this research effort ie tc¢ describe the nature and

status of the software cost estimating environment,

EEEOBO

The purpose of this research is to provide managers, researchers,
and cost estimators a butter insight into the software cost estimating
problem, It is hoped that this increased insight into the problem area

will ultimately result in improved software cost estimation,
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Scope L1 tions

Thig research effort is limited to describing the snftware cost
estimating enviroumsnt in the Electronic Systems Divimsion (ESD) of the
Air Force Syatins Command, ESD is located at Hanscom AfB in Massachugetts
and is responmible for a major portlon of Air Forcs software acquisitions,
While -éftware i8 almso procured at othexr Air Force locatious, the ten
woeks availabls for this research effort dictated that only th ESD
environment could be explored,

In addition, the research is limited to thote major software acquisie
tions at ESD which are currently proposed, are under way, or are recently
completed, Thim linitatibn was neceasary due to the general noneavalle
ability of data concerning past programs and limited the data sources to
twenty=~one najox goftware acquisitions,

No classified datu was collected during the research effort, However,
this had no iapact upon the research due to the unclassified nature of the
data which was sought,

One lasnt limitation on this research effort is caused by the method=~
ology which me sclected, The duta were largely collacted using a
structured interview, The liazitations of this technique are discussed in

Chapter 4, Methodology,

Applicability of Research Findings

Since the research is limited only tc software developments 2t ESD,
the applicability of the research findings ta other software developmente

may reasonably be questioned,
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In many ways, the ESD environment is unique, ESD receives systems
engineering support from the MITRE Corporation, a Federal Contract Research
Center (FCRC), The relationship between ESD program officem and MITRE is
somewhat unique in the DoD, Also, the types of systems procured by ESD

ere primarily command, control, and communications systems, The relation-

ship betwoen these types of software developments with other types of
software developments (e,g. avionics, inventory coantrol, persornel systems)

i pnot well defined,

However, despite the somewhat unique aspects of the ESD enviroument,

sl

there are many .acets of the environment whith are yuits similar to that

3
of other DoD software acquisition agenclies, The typea of contracts %
ismed, the regulations covering asystem acquisition, and the common

weapon system cycle tend to make the moftware acquisitions of ESD simillar

to that of other DoD agencier, Almo, the software syertems at ESD are f
gonerally large software systems in excaess of $500,000, The very size
of the software acquisitions tends to produce many cormon effects in
software development regardless of the intended application of the soft- }

ware aystem, i

Therefoure, while the uniqueness of the ESD environment may tend to

'%imit the application of the research findings, it appears reasonable to ]
assune that these findings may apply in . general fashion to other large ]

software developmonts made by other DoD ageucies, !

Assumptions

Since the research is deacriptive in nature, no oxplicit assumptions

are made conneraning the software coat estimating environment at ESD,

: -"\."r:
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Dgility

To date, most of the research in the area of software cost estimation

has been in the search for canaative relationships, Reasearchers are trying
to determine the relationship between various software parameters and cost,
There have beer no published efforts which have described the environment
in which cost sutimates are made and umed, The writur bolisves that such
A research effort has value to three types of people,

The Manager, The manager of a softvare dovelopment makes a number of

decimions which rely on a software cost estimato, To make these decisions,

e

a manager must understand the data with which he is presunted, This

research seeks to aid the manager?!s understanding of the software cost

~——,

estimating process s8¢ that he may better utilize the estimates presented h

——

to him,
K Managoers are frequently evaluated on how well budgeted cost agrees
with actual cost, If a software project experiences a 200% overrun, the -

managerta performance may look poor, Howaver, with the current state of

YA G a#,‘irwr

L

x4

software cost estimating, it is difficult to determine whether the 200%

e

overrun was due to poor management or poor estimating, This research

. %

-'ﬁ*?i?ﬁ'”@
: .
r-4
i

=

effort hopes to assist managers in understanding why software cost esti~

s e .

mactes are difficult to prepare and frequently erroneous,

Tes .

" Ey The Researcher, Remearch continues in an effort to establish valid

YL ey
:? cost estimating relationships for software, To date, these efforts have

]

A

met with very limited success, A major objective of this descriptive

et 3
S N

r. ﬁ'lf.

remearch is to provide other resgearchers with clues t0 cause and effect

relationships which may sxist, This effort may help to explain how and
why certain cost estimating techniques are used or not used, Equipped

with a better insight to the nature of the software cost estimating ' P ™
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environment, othor remearchars may be assisted in their efforts,

Ihe Cost Estimator, The cost estimator is faced with the task of

assigning a cost to software, a very intangible object, Other cost esti-
mators need only to measure the weight and apeed of an aircrart to reason~
ably estilmate aircraft costa, However, the software cost estimator does
not find his job easy, He is faced with numerous techniques which require
the use of a large number of vaguely defined variables, He continues to
search for a better method, but cannot amass enough experience on his own
to determine which techniques are better than othera or which techniques
are easier to apply.

This research effort does not develop a new cost estimating tech~
nique, It doea not determine causative relationships, Instead, this
effort only seeks t¢ describe the environment surrounding the software
cost estimation process, A basic objective is to communicate the experi-
ences of gome software cost estimators to other software cost estimators,
The sharing of experience in this area has beon limited, This study seeksn

to enhance the sharing of information,

Thesls Outline
The theeis consists of six chapters, The first chapter has discusmed

the nature of the research effort,

Decision Making and Software Cost Estimates, Chapter 2 discusses the
decisions made during the weapon system acquisition process which rely |
upon & software cost estimate, These declsions range from selecting a
weapon system to awarding software contracts,

State of the Art of Software Cost Estimating, Once the rea:ler is

familiar with the decislons which utilize a software cost eatimate,

T T e
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Chapter 3 examines the current state of the art of smoftware cost sstimat-
ing. To understand the ESD environment, one must first understand the
state of the art of software cost estimating as presented in the litera-
ture, Five general categories of cost estimating techniques are reviewed,
The problems associated with using these technlques or with developing
new ones are also discussed,

Methodology. After the background provided by Chapters 2 and 3,
Chapter L details the methodology used for the renearch effort, The
hypotheses which were initially formed as well as the interview developed
to test the hypotheses are diacussed in general,

Findings, Chapter 5 contains the research findings, FEach of the
initial hypotheses are reviewed along with the data which was collected,
The data are analyzed and a determination is made concerning the ressarch

hypotheses,

Recommendationa, Chapter 6 closes the research effort with some

rocommendations buased on the findings,
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{I:" II, Decision Making And Software Cost Estimatep

Before looking at how software cost estimates are made, it is impor-

tant to understand how the estimate is used in making decisions, This

chapter discusses the decisions made duiring the weapon aystem acquisition

process which are influenced by the software cost estimate,

Economic Evaluation Of Weapon Systems

The software development cost estimate is used in the ecomomic

evaluation of weapon system alternatives, For example, the Air Force b

might be faced with declding whether to update an aging air defense

system or to develop a new, advanced system, To make this decimsion,

decision makers must understand the cost of the hardware and software

aspociated with each alternative, K
While softvire cost may have been minor in the past, it is now ;

frequently a major component of total system cost, For example, the

World Wide Military Command and Control System (WWMCCS) will expend over

$722 million on software and less than $100 million on hardware (Air ‘j

Force O8R, 1973:28), During nine years of development, the Army spent

an estimated $467 million on software development for the Safeguard ;
System (Ashe et al, 1975:2-15), Over a four year period, the Minutemsan
program office spent $124 million on software (Ashe et al, 1975:2-22),

In the 1980's moftware can be expected to become mn ever increasing portion

e s

of weapon system cost, Therefore, to evaluate alternative weapon systems,

a decision maker must have a reliable softwave cost estimating technique,

g
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Design Tradeoffs

' The sofiware coat estimate is also umed in making engineering design
tradeoffs within a weapon system, Design engineers must decide whether to
select an older computar with & large set of support software, or to

select a newer computer with more computational speed but less support
software, They must decide whether a particular function is tLust perlormed
by software, by hardware, by firmware, or even by manual procedures. They
wust also decide whether to "make or buy" software,

With the advent of microprocessing, “off the shelf" software packages,
and other developments, the design engineer is faced with a myrlad of
design alternatives, To melect the best alternative, the engineer must
be able to reliably estimate the software development cost asscciated

with each alternative,

Budgotiég

The software cost eatimate forme the basis for the budget or financial
plan of the weapon system, Errors in the estimute cause errors in the
budget, If software costa are seriously underestismated, a program manager
might have to requeast additional funds from Do)l or Congress, Additional
funds might not be readily available causing the weapon system to slip
its schedule while awaiting additional funds,

In general, the request for additional funas is quickly labeled
Yoverrun" and not "inaccurate estimate”, Tho program manager finds that
his program is subjected to increased surveillance and that his manaement
flexibility is reduced (Large, 1974:10),

Therefore, to avoid the problems associated with seeking additional

funds and to avold the criticism associated with overruns, a program

Lo o
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manager reeds a reliable technique to estimate and budget software devsalop~

ment cost,

Conmpetitive Contract Award

The software cost estimatic i8 also a primary factor in the award of
goftware development contracts, Proposals from competing coniractors are
analyzed and the contract is usually awarded to the lowest bidder, If
the lowest bidder's price is nunreasonably low, two problems are created,

First, the contract award is inequitable, Awarding to a bidder who
has serlously underestimatec the cost of a contract and is eventually
bailed out by the governuneat penalizes other bidders who more accurately
understood and estimated the contract requirements,

A second problem develops from awarding a contract at an unreasonably
low cost, In a study done by RAND Corporation, theirbfindinss indicated
that underestimating a contract leada to cost grovgx An excessively low
bid forces a contractor to make unwise decisions in an attempt to stay
within costs, For example, the contractor might award to a less qualified
sub~contractor or place insufficient emphasis on the production, operation,
and maintenance aspects of a weapon system, When contract costs rise, the
government frequently bails out the contractor and is faced with paying
not only the true or expected cont of the contract, but also the additional
costg caused by the contractr~'s unwise decisions (Large, 1974),

Therefore, in order to equitably award a contract at a reasonable
price, contractors and contracting officers need a reliable technique of

estimating software cosats,

N
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Contract Schedule and Manpower

The winniag contractor uses his eatimate of software development cost

to determine how many men to assign to a project and how many months to

allocate to software development, If softwate costs are underestimated,

elither too few programmers will be aassigned to the project or oo short

a period will be allocated for sofiware developument,

R
s
:)
k)
X
E

P A T TR TR

Yhen the contractor becomes aware of the true size and cocat of {the

§ i

g_ | software, he must either add programmers to the project or extend the

§T: § | project;s schedule, Either of these actions can create new problems, For

%’; exanple, when new programmers are added to a project, the original pro-

§ granmers stop producing moftware while they train the new programmers and

g;h. develop a new software production plan, The cost of this additional ;
i training and planning effort increasss software cost even higher, Main~

;?' taiaing th. existing schedule by adding people might appear simple, but in

55
“\../
) L de i

many cases the results are disastrous (Brooks, 1975:24),

On the other hand, extending the project's achedule also creates
problems, Most weapon systema are both hardware and software developments

with software frequently on the critical path of the schedule, While

*
&
¢ s o it

I waiting for a small software effort to be completed, an eutire multi-~

million doliar program might be delayed, The indirect cost of software

due to this type of delay could be fifty times the additional software

cost (Findley, 1974:15). This large indirect cost is due to the signifi-

cant impact software can have upon the schedule or performance of a -
4eapon system,
Another leas obvious problem can result from providing inadequate

time or manpower to a msoftware project, When the software project manager

¢
%
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finds himself 1uwaning short of time and wanpowsr, one posaible actiion he
might take is to reduce the quality of the software product, He might
encourage inefficient programming, lams testing or poorer documentation
in an effort t» remain within hie inadequate resources,

Therefore, to avoid the problems associatsd with lnadequate achedulos
and manpower, a manager needs a reliable technique for eastimating soffware

development resources,

Contract Status

Another use ol the software cost eatimate is in monitoring the status
of software develompment, It is difficult to establiah clearly defined
technical milestones for software, Because of this difficulty, a common
method of evaluating the technical status of software development is to
compare the contractor's actual coat to the contractor's hudgeted cost,
For example, if a contractor has expended 90% of his budgeted cost for
software, one might infer that the software is 90% complete, However,
such an inference 1s only correct 1f the budgeted cost of software ia
accurate, If the budgeted or estimated cost of software is wrong, then
the gove:nment is only monitoring financial expenditures and not technical
progress,

If valid status indications are to be obtained for moftware develop-
ment, aa improved set of technical milestones for sofitware as well as a

reliable softwarc cost estimating technique are required,

Reasonable Estimates And Good Decisions

Cost estimators cannot predict the future, No crystal balls ave

involved, Inatead, a coat estimator tries to determine a “reasonable!
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value for the resources nesded to carry out a particular plan, Therefore,

a decisica maker cannot expect highly accurate cost estimates to support b ¢

i

his decisions,
However, all of the previously discusced decisions do not require

highly accurats estimates, Most of these decisions could probably be made

roasonably well with an estimate that varied aw wuch as plus or minus 25%,

However, am we ghall see in later chapters, current technigues available

for estimating software coast frequently have errors in exceas of 250%,

§‘. With errors of this magnlitude, making good decisions concerning software
é ‘ developments becomes increasingly difficult if not impoasibdle,. |

i If we want to make good decislions concerning software, we need to be
ig- | able to reamonably estimate moftware coata, I? we want to make tradeoffs

v between aystems and within a system, 1if we want to award contracts

; f equitably and carry them cut succeasfully, then decision mekers must have
T a reliable technique for estimating software development cos“. With
these decislons in mind, we can now look at the state of the art of softe
ware cost estimating and examine the techniques which are currently

¥ | available,
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I1I, State Of The Art Of Softwure Cost Estimating

Having seen how managers and engineers use a software cost emtimate
in making decisions, we can ncw examine the varlious techniques which are
ava.lable for making software cost estimates, These techniques can be
categorized into five types: unit price, apeclfic analogy, expert opinion,
coet to coet relatlonship, and non~cost to cost relationship., Each of
these techniques seeks to relate an hiastorical cost to a future coast
(Jones, 1965:19-20), This chapter examines the stato of the art of these
five techniques, The problems associstod with using them or with developing

a new technique are also dlscussed,

Unit Price Technique

Probably the most common estimating technique used to predict software
cost im the unit price or coamt per instruction technique, This technique
first develops an expected cost for a single computer instruction in a
certain computer language, For example, after examining previous JOVIAL
computer prograr developments, an average or expected cost of a JOVIAL
computer instritction can be determined. 7The second step in the technique
is then t0 size the new software by estimating the number of JOVIAL
instructions required, Multiplying the expected cost of a JOVIAL instruce
tion by the estimated number of JOVIAL instructi.cu yields the estimated
cost of the software development,

The relative simplicity of this technique may = .om™ for its frequent
use, However, there are numerous problems asxociated witlh - “im technigue,
First, melecting an appropriate coat per instiuction factor is A1y¢icult

because of the lack of a well defined data base, Second, the tsz:hnique
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requires the estimator to predict the number of computer instructions in a

computer program, This is sometimes as difficult as predicting sofiware \ﬁ;
cost, Third, there is some question about the accuracy which results when

the number of instructions is used to predict cost, Since this technique

is common in use, it is important t« understand each of theme problem

areas,

“Coat" Per Instruction, While the term Ycou. per iustruction" might

appear simple and straightforward, it is anything but that, Defining
exactly what is meant by "cost" and what cont elements are included is
difficult, For axample, does the term cost only measure the direct labor
hours of computer programmers or does it include the dircct labor of

managers, keypunchers, secretaries, and computer operators? Is only direct

time might represent as much as 25% of a software development cost

i b o ok i

(Wolverton, 1974:629), However, some cost per instruction factors might
not includes such a cost,
In fact, any approach in accumulating software cost elements would

probably be reasonable as long as the approach was consistent and well

doefined, Thims is a major problem since no guldelines exist which indicate
which cost elements should be accumulated in determining a cost per
instruction factor, Even if such a guldeline existed, contractors might
have difficulty in following the guideline due to differences in corporate
acocounting practices, For example, one company might allocate computer

costs based on direct programmer man~hours while another company might

allocate these coats based on direct programmer salary dollars, The two

techniques would introduce problems in comparing the cost per instruction

14
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factors of two companies, Numerous other areas exist where differences in
contractors’ accounting systems might preclude comparison cf data,

Howeveor, even 1f these difficultles could be eliminated, another
major problem is encountered in measuring cost per instruction, Software
development 18 a process., The exact beginning and end of the process are
not well defined, Some cost per instruction factors only address the coot
during the design, coding, and debugging phames of software development,
However, a sofiware development has a significant amount of activiiy prior
to and after these phases, Ior example, hefore a contractor cmn begin to
design a computer program, he frequently uas to snalyre tho user's opera-
tional requirements and prepare a system spaecification, System interfaces
must be defined and data bases designed, In addition, the contractor
frequently develops program teat plans and specifies input/output message
formats, All of these taciim consuwe resources during a software develop-
ment prior to the deasign of a single computer program,

After a programmer has debugged a certain computer program, the softe
ware development is usually far from complete, The contractor normally
must plan and conduct an integration test of all programs and a system test
0f hardware and software components, Programmers must sometimes train user
personnel or maintain the software for a certain period after the software
has been deliverod, These costs are usually substantial and they occux
after the software has been debugged,

If agreement can be reached on what cost elements should be measured
in the cost per instruction, then it is equally important to agree on wiat
parts of the goftware process are to be measured, Each part of the piocess
needs to be well defined and cannot simply be referred to in broad terms

such as "design" or "test", When both the elements of cost and the parts
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of the software development process have been agreed upon, & commcn meaning
for the term “c¢ost" can be amtablished for determipning an appropriate cost
per instruction factor,

Cost Per "Instruction", Unfortunately, determining the appropriate

cost would not end the problems of the term "cos:t per instruction®, There
are comsiderable variances in the interprovation of tho term Yinstruciion®,
For example, some estimators claim that the instructions which should be
counted are source imstructions. They reason that a single source atate-
ment is the product of the prugrasmer and is the best measure of programmer
output, Others, however, - uim that the number of object imsiructions
should be measured, Object instructions are the computer instructions
which result after the origlinal source instructions have been compiled by
the computer, This group believes that tho use of object inmtructions more
accurately measures programming output,

While either mource or object instructions might be appropriate
measurcs, one cannot use both, A single mource instructlion in JOVIAL can
lead to five or more obJoect instructions, Frequently, literature which
discusses cost per instructlion factors does not clarify which type of
instruction was used in determining the factors,

Another problem exists in ldentifying the longuage which 1s heing
used, Much of the literature simply refers to the cost per instruction
for an HOL (Highor Order Language) aad does not differentiate between
Fortran, Cobol, or JOVIAL developmeuts, Thc use of a common HOL estimating
factor ignores the differences among languages,

St1l1l another problem is whether or not Fnatructions should be classi-
tied by type., A set of inatructions in a time mensiiive program might be

much more difficult to develop than a met in which time was not x factor,
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Both the System Development Coxrporation (SDC) researchers (Nelson, 1967)
and the Tecolote researchers (Frederic, 1974) found that by classifying
instructions into certain categories, the corrolation between the number
of ‘nstructions of a category and cost was sigrificantly improved, Yet,
despite the differences in categoriea of instructions, most literature
simply reofers to a single coast per lnstruction factor without ildentlfying
the categories of imstructions which led to the particular cost factor,

Perhaps the least obvious problem in counting the number of insiruc-
tions produced is to determine which instructions should be counted, Moct
weapon systeu software developments are not limited to the development of
operational software for the weapon system, Instead the development
includes assemblera, ~ompilers, librarieas, simulators, test tools, and
data reduction vprograms, Adding these instructions to the instructilons
from the operating progrems ylelds the total numbe;'of Aeliverable instruc-
tions, However, the literature frequently does noé identify whether the
cost per instruction factor wae determinsad based on the number of opera-
tional computer instructions or the number of delivered instructions,

Since this difference can be guite subastantial (Manley, %9?5:53), it is
imporative that tho basis for counting instructions be as well defined as
the basis for defining cost,

It can be seen that the simple phrase "comt per instruction® ies nout
quite that simple, Any effort to accumulate a historical data bgme would
have to * squire that explicit definitions be established and that accounting
systoms be similar, Without such an effort, the data used to develop a
cost per instruction factor would be queationable, This was demonstrated
in a research effort by Tecolote Research, At the start of their research,

they had 387 data pointr from different software development efforts, The
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data included cost information (sometimes in terms of man~months) and an
instruction count, The lack of information concerning the cost elements,
the software development phases measured, and the types of instructions
which were counted led the Tecolote researchers to abandon %82 oZ their
387 data points, They then pror~aded to develop an estimating methodology
vased on the five data points about which then had reasonable information

(Frederic, 1974),

Estimating The Number Of Instructions, If an appropriate cost per

instruction factor has been developed by careful data collectiom, the
estimator then needs to estimate the number of instructions required in
the design of a weapon system, Weapon system software packages frequently
invelve hundreds of thousands of instructions and an accurate eatimate im
difficult to make, This difficulty is not unique to weapon system softwarse
packages, TFor example, on a software development by UNIVAC for United Air
Lines, the initial estimate of the number of imstructions required for each
transaction was 9,000, The system was cancelled when the number of instruce-
tions per transaction had escalated from 9,000 to 146,000 (Schwartz,
1975:56), This type of occurence is all too frequent in both commercial
and defense developments,

Two factors which affect the ability of the estimator to predict the
number of computer instructions are the experience of the estimator and
the amount of detalled design information which is available, To estimate
how many instructions are required in a software package, an estimator
normally breaks the package down into programs and subprograma until the
size of the software modules cau be estimated bamsed on similar developments
or experiences, Just as a jJunior electrical engineer cannot architect the

hardware for an IBM 360 computer, neither can a junior programmel architect

18
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or design s major software system, Breaking a large software system into
small modules which can be understood and estimated regquires a high degree
of software talent, It is the type of talent found in expsrienced systenm
analysts or senior programmers, It requires a signiticant design effort
and cannot be done quickly un the back of an envelope,

When breaking the software package down, the estimator tries to get
down to a level which is reasonably comprehensible, For example, to say
that applications software will be 100,000 instructions in size is probably
a guess and not an engineered estimate, However, to divide the applications
software into programs and subprograms g0 that one cun say that a certain
message proceosing amodule will require 600 instructions indicates that a
cortain amount of engineering design and definition has preceded the
eatimate,

In order to break the software into small modules, the software archi-
tect or designer must understand the functions and subfunctions which are
%0 be performod by the system software, TFor exmuple, he nust recognize
that a certain message proceassing function muat be performed by a software
module, This assumes that the operational requirements of *he user are
well known and that a system apecification has been prepared which identi-
fies software and hardware functions, However, the degree to which such
design detail ia available to the estimator depends upon the stage of
weapon system development, During the conceptual phamse, little design
information is avallable and an estimetor muat resort to gross estimates
such as 100,000 instructions for applications software, As the system
progressas through development, the amount of design information increases
to where an estimator can now predict that a message processing module is

required,
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I{ is important to note that the estimator requires both talent and
design infcrmation, Recognizing that a messages processing module im
required doesn?t help unless the estimator can utilize his knowledge or
experience to estimate the size of the module, Likewise, bveing able to
size the message processing module does not mean that an estimator has
either the capability or tho necessary desipgn detall {o brealk a« 100,000
instruction noriware package into ;mall 600 instruction modules, Thus,
these two factors of talent and design detall seriously impact the ability

0f the estimator to estimate the number of instructions,

Instructions As A Predictor Of Cost, If g1 estimator arrives at

reasonable values for the cost per instruction factor and the number of
instructions, tle resulting cost eatimate still might not bg reliable,

The problem is that the validity of using the number of instructions as a
predictor of cost is questionahle, First, the use of a cost per instruc-
tion factor does not specifically address other factors which influence
software cost, A study by the System Development Corpnration (SDC) for

the Electronic Systems Divialon of the Alir Force Systems Command identified
94 variables which influence software cost, These variables address not
only the properties of the software and the weapon system, but also address
external factors which can affect the softwars acquisition process, Using
a simple cost per insiruction factor ignores many other variables which
can impact cost,

Second, the relationship between the¢ number of insiructions and cost
has not been well defined by past research efforts, Much of the literature
simply assumes that the relationship im linear and applies the mame cost per
instruction factor to developments which are 1,000 or 1,000,000 instructions

in size, However, a few research efforts postulate exponential relation-
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ships between cost and inst.uctions.

The SDC study (Farr and Nanus, 1964:242) developed the following
relationship:

Man-months of Effort = (Constant) x (Number of Instructions)>*’

On the other hand, Tecolote Research (Frederic, 1974:34) using probably
the largest number of data points (L,e., 387) found the date beost desciibed
by:

Cost (in FY?73 § X) = 0,079 (Nynber of Imstructions)o‘81+
(Again, however, the Tecolote researchurs found such a low correlation
between this relationship and the data, that they eventually abandoned
almost all of their 387 data points and built a cost model around only
five points,) Both the effort by Farr and Nanus and the effort by
Tecolote utilized the number of delivered object instructions and yet the
results differed aisnificanyly,

A third research effort by IBM (Malone, 1975:1-8) based its study on
the number of mource statements, Thelr findings yilelded the following
relationships
Man-months = ,00007 (Number of Instructioma)1'1386
Again, this resuli{ is significantly different fvom the other two research
efforts,

Each of the three remearch efforta did not recommend the use of their
findings to estimate software cost, This was due to the problems of
gathering comparable data, to the small data samples, and to the low
correlation coefficlenta which were obtained,

It is clear that the relationship between the number of instructions

and cost is uncertain, Whether the relationship is linear, or exponential,

and what values of constants ghould be used are currently uncertain., Not
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antil a detailled and extensive research effort has verified the predictive
relationship between the number of instructions and cost will un estimator

be able to apply this estimating teochnique with a good degree of confidence,

Use Of Cost Per Instruction Technique. Despite the numerous problems

associated with its use, the cost per instruction technique is and probably

will remain the most utilized technique, Its prevalence is perhaps due to
ite aimplicity and the appearance it provides of a scientlific approach,

It implies that an appropriate cost per instruction factor has been gelected

based on glmilar sofiware developments, It almo implies that a detailled

é uo;tware design has been performed to determine the number of instructiouns
é’ in the software package, Whether or not these two implications are in fact
¥

;“’ Y, true should be strongly questioned by managers, engineers, and cost

f}, % estimators who are presented with cost estimates based on this technique,

Specific Analogy

A pecond cost estimating technique is specific analogy where future
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softwary costs are estimated from the hintorical costs of a simllar software

developwent, This technique is frequently used in estimating the cost of

manufactured goods, For example, if previous production costs for a tele~

vision met are known, a managor can use this information to predict future

production costs of a similar television met,

However, in applying this technique to software, there are two major
problems, First, there is limited historical data concerning the softwaiw
cost of past weapon system developments (Air Forco OSR, 1973:46), Second,
the nature of software 1s such that there is usually limited similarity
between any two software developments,

Historical Data, To utilize the ampecific analogy technique, an

< mo
@b

estimator must firat determino the software costa agsoclated with a simiiar
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program, This ie difficult for a number of reasons, Until recently,
software costs wore generally not separated from the hardware cost of a
weapon system, Work breakdown structures which encourage detalled software
cost and status reporting are still lacking (Ashe et al, 1975:Vol 2, 2-35),
A few programs have required that software cost be separately identi-
fied and recorded, Unfortunately, that data suffers from the lLack of
definition which has previously heen discussed, There is uo common
agreement or standard which detalls what elements of cost are software
related, For example, during a system teat of hardware und softwaro,
programmexs are required to develop test plans and to modify programnr,
Whether these costs are charged to system teat or to moftware depends upon
the accounting system and the work brealdown structure, Again, the cost
elements and the phases of software development which are included in

available cost data are not well defined,

Until a"common set of definitions and a common data collection require-

ment is levied upon major weapon system developments, a software cost
oatimator using the specific analogy technlque will probably have to rely
on the use of only one or two historical data points gathered by personal
contact or personal experience,

Software Similarity, After determining the software cost of a similar

development, the cmtimator must then make a somewhat subjective set of
Judgments concerning the similarity of the new development with the old
develoyment, It is very unlikely that the new system will utllize the same
hardware or be required to perform the same functions, Therefore, drawing
parallels between syrtemas is difficult, For example, coast estimators used

the software cost of the Air Force Back Up Interceptor Control (BUIC) to

eatimate the software cost of the Air Forca SAGE Syetem (Jones, 1965:19),
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While asomewhat similar in mission, the two systems are quite different and

significant subjective Judgment was required to assess these differences

and to assign a cost to them,

Other systems such as the Alrborne Warning and Control System (AWACS)
have few sinilar developments upon which to draw comparisons, Advancing

technology continues to introduce naw hardware and software techuniques

which compound the problem of finding a similar program tc use for an

J
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apalogy, Agaln, oven if a similar program is identified, the problem of

obtaining accurate historical coat data remains,

Use Of The Specific Analogy Technique, Despite these problems, the
specific analogy technique is still in active use, While it is subjective

[y

in its application, it does take into account the real world problems and

?2!5§???x$

performasce which actually occurred on & similar program, For example, if

an estimator used the BUIC cest data to estimate the SAGE aystem, the

W
e
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eatimator will automatically include those costa which were associsated with

".,
4

funding difficulties, changing requirements or other real world problems,

The specific analogy technique forms the primary basis of a formal
et ; Army software cost estimating technique, An Aray catalog provides detailed

cost information for 20 data mystoms, An estimator can broaden his know-

ledge by utilizing the recorded experienceos found in the catalog, Adjust-

monts in the historicel cost indications due to differences in the new

JUSTWR S PRSI

system are then identified and explained (Department of Army, 1975),

While subjective in nature, the specific analogy method tends to mini-~

ORI

mize optimistic schedules and estimates since it is based on actual perforn-
ance data for a similar system, With better collection and recording of .

historical software cost data, this technique holds much promise, A

D P A

research effort is currently underwny by the Rome Air Development Center : | i
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of the Air Force Systems Command to develop the historical data base which
is required for the use of this technique (Nelson and Sukert, 1974).

One frequent criticism of this technique is that it is not very objec-
tive or ascientific, While an.estimator who states that the applications
scftware conalsts of 100,000 instructions might be thought to have a
scientific basis, an estimator who states that a system will require 50%
mere for software is felt to be subjective and unacientific, In fact,
neither technique by itself has any inherent sclentific credibility or
ohjectivity, Instead, it is the conscientious and documented application
of these techniques which can make elither one a reasonable tool for proe
ducing a reliable cost estimate,

Again, the lack of historical data limits the specific analogy
technique, Current and future data collection efforts may eliminate this
problem, The remaining difficulty will be in the subjectlve extrapolation

0. the cost of one program to another "similar" program,

Expert Opinion

A third software technique for esiimating software cost is the use of
expert opinion, The title is self explanatory., To estimate software cost
one simply asks an expert or a group of experts to use their knowledge
and experience in predicting the cost of software, Two methods for
obtaining an expert opinion are the engineering cost analysis and the
Dalphi method,

Engineering Cost Analysis, Deapite its somewhat authoritarian title,

&n engineering coast analysis 1s simply an expert opinion, A software
expert or moftware engineer is presented with a functional description of

the weapon systeu., He then proceede to analyze the software usually by
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breaking the roftware into smaller programs and subprograms, When the
software has been divided into small and comprehensible modules, the
expert then estimatems the amount of resources required for each module
using his knowledge and experience as a guide, For example, the expert
might ldentify a meamsage processing module which in his opinion will
require three months of effort by a junlor programmer and six hours of
central processor time, A cost analyst then transforms the estimated
men-montha and computer time into a dollar coat,

Some problems with this technique have previously been discussed,
The technique requires an Yexperi' which is a vague term referring to
someone who can predict software resources accurately based upon his
education and experlence, If experts were identified based on demonstrated
estimating accuracy, the technique night be ideal, However, such identifi=-
cation i8 not common in practice and true “experts" are difficult to f£ind,

Also, an engineering cost analysis requires that the functional design
of the weapon Bystem be falrly complete, Decisions concerning which
functions are to be performed by hardware or by software have to be made
before an englneering cost analysls of the software can be made, Explicit
and detailed documentation of the.user's requirements must be avallable,

Use Of Engineering Cost Analysis, Despite these problems, the engineer-
ing cost analysis has some unique strengths, It requires that an engineer
8it down and design the software into small enough modules so that he can
understand the resources required to develop the module, If the functional
modules aro fairly small (e.g. three man-months), then the program manager
can be reasonably certain that a fairly detailed design has been made and
that the Barts requirements were known to sufficient certainty to support

the detailed design, On the other hand, 1f the estimate makes frequent
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retsrences to large modules (6,8, five man-years), then the program
manager might infer that either a detailed design has not been performed
or that the user's requirements were uncertain and forced the engineer to
group requirements into large modules,

Thus, the use of an eugineering cost analysis can provide the program
manager with an insight into the degree with which user requirements are
knowr, &8ince uncertain user requirements are & major cause of system over-
rune, the use of an engineering cost estimate may provide the managnr with
valuable information,

Another benefit from the use of an engineering cost analysis i that
it takes into account the unique nature of the new program, The impact
of certain interfaces or timing requirements can be individually addressed
instead of basing their costs on the average historical costs of previous
systems, For this reason and for others, the nme of an engineering cost
analysis is recommended by most of the researchers intc the area of softe-

ware cost estimating,

The Delphi Method, A mecond method for obtaining a cost estimate from

a group of experts is the Delphl method, Developed by the RAND Corporation,
Delphl first gathers estimates from individual experts, The results of the
individual ostimates are then iterativel, fed back to the experts until a
consensus is reached, The Delphi method 18 not a committee, The experts
do not meet face to face, Instead, the experts are given the results of
each iteration and asked to explain or justify their opinions, These
opinions and ressons are then given to the other experts until eventually
the eatimates of the experts converge,

RAND performed an experiment using Delphi to estimate a particular

project's software cost, Two teams of expesrts were used and gulded by the




BSM/SM/765<4

Delphi method, Their estimates were 217 man-months and 1090 man-months
respectively, The reasons for the wide difference were not clear, Two
additional groups of experts were also asked to estimate the ssxe effort
uaing a simple committee technique, Their results were 485 man-months and
656 man~-months respectively, 'Tae actual cost was 489 man-months which
would tend to indicate that the use of the commiites techaique wight e
better than the Delphi method (Farquhar, 1970),

Delphi Versus Committee, The purpose of presenting the Delphi method

is not to approve oxr disapprove its use, The purpose is to examine why a
face to face committee of experts appears to perform better than a faceleas
group of experts, In a study by another RAND researchsr, the Delphi tech~
nique waa found to be an unreliable method for estimating, He found
considerable evidence that there was no difference between the estimates

of laymen and experts and auggested that Delphi loads to a manipulated
group suggestion and not a true consensus (Sackman, 1975), Perhaps the
reason that the committee outperformed the Delphi method was that it
encouraged face to face confrontation which enabled the group to judge
whether someone was a true "expert® and to reach a real consensus,

The point is that when obtaining estimates from a group of experts, it

appears advisable to have the experts engage face to face, Iterative formal

commurication between different agencies might result with estimates
similar to the Delphi method, On the other hand, the ume of a committee
to examine and explore the differences in cost estimates might result in

improved communications and better estimates,

Cost To Cost Estimating Technique

A fourth technique for estimating software cost uses the cout of one
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part of the weapon mystem to estimate the cost of ancther part of the
system, This technique is frequently used to estimate the cost of system
test or of initial spares, Both of these costs can be estimated based
upon an historical percentage of the prime mission equipment, For example,
initial spares for similar ground electironic systems might be an average
20% of prime mission equipment cost, Once a dutailed cutimate of the

prirs mission equipment for the new system has been made, the oestimator
can then simply apply the 20% factcr to that cost to estimate the cost

of initial spares, This technique works quite well with a limlted

number of items (Jones, 1965:26),

However, applying this technique to suftware is difficult, First,
there again is the problem of insufficient historical cost information,
Second, software constitutes almost 90% of some systems such as WWMCCS
and only 2% of the B~l (Amhe et al, 1975:2~46), Using an average cost
factor for software simply does not work as well as it doeam for spares or
other aystem components, Desplte these problems there are ways in which
the coamt to comst technique can be used in a limited fashion,

For example, desmigning, coding, and testing a program might be
expected to average 40%, 20% and 4LO% respectively of total computer program
development costs, Once the design of a particular program has been
completed, a manager can estimate the exﬁectad costs for the remaining
activities of coding and testing, As a rough rule of thumb, this tech-
nique has some merit, However, there are significan differences in the
percentages of total cost attributed to any one activity (Boehm, 1975:7).
Whether these differences occur because of the lack of distinctness in the
definition of the activitles or whefher these differences are attributuble
to some other cause is uncertain, Again, limited comt data and poor

definition limit the accuracy and utility of thie technique,

29




QSM/SM/ 765~ 1

;"4 . Non~Cost To Cogt Relationship Technique

The fifth category of moftware cost estimmting technique is the use of

a non-cost parameter to estimate comt, Frequently called parametric esti~

mating, it is by far the most sophisticated and ambitious of all the

(2

i techniques, The technique develops parametric equatione where character-

iatics or parameters of & now computer program are used to estimate Lto
cost, Those characteristics inslude auch parameters as the number of

source instructions, the type of weapon systom, the age of the computer

wpon which the program will run, the type of compller, and numerous other
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characteristics, One parameiric research effort by the Sysmtem Development
Corporation (SDC) identified over 90 parameters which ivfluence cost
(Nolaon, 1967),

Once theme parameters are identified, the cost emtimmting researcher
attompts to collect a large wample of data s0 that the relationship between
theme non~cost parameters and software cost can bLe emtablimhod uming
regression techniques, In order to havo a statlatically valid parametric
squation, rusearchers attempt to obtain as many data points as possible,
This mearch for many data 1im the source of one of the problems with thims

techniqus,

For oxample, a researcher might have data on five JOVIAL dovelopments,
five Fortran developments and five Cobol developments, Rather than develop

threeo mudels based on only five data points each, a researcher is likely

to lump all of the fifteen points together and develop a single model for
use on programs written in either JOVIAL, ¥ortran, or Cobol, While the use
of fifteen points appears io give the model a greater atatistical basis,

an implicit assumption is that there is no cost difference due to the use

of different computer langusges, Further lumping of data as tuv the type
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,1F of computer, the particular compliler and other factors is wmade until the
parameters used in the equations are quite broad,

This lumping of data may be regrettable, however, it ls the only

L et bl Y e o

| possible course for ressearchers who are faced with a scarcity of data, 1Ia

P

fact, the lumping of data has been highly successful in other ~reas, 1In

N i estimating the production cost of an alrframe, knowledge of only threo

F . parameiers (e,g, welght, speed, and production quantity) are sufficioent to

iﬁ : reasonably predict the production cost of an aircraft (Levenson et al, 1971),

Sottware cost, however, appears to be dependont on more variabiea than

other products, A technique using only two or three perameters suffers in

I predictive power, However, a technique which requires the detsrmination

of many factors is unlikely to be popular in use, especially if the

determination of a proper value for the various factors is difficult,

Thus, researchers not only have a problem in finding appropriate paremetric

equations, they also must attempt to minimize the number of inputs required

for the use of the equation,

Remearchers have frequently developed relationships among parameters

which are quite different from the efforta of other researchers, This ims l

perhaps due to the lack of clear definitions in the area and to the small :

data samples avullablses to the researchera, Huwever, the impact im that no
¢§3 :z single parametric technique has received a largs degree of acceptance or a
:;;i) wide degree of use, To understand the problems with developing or utilizing
‘ 4 parametric techniques we can examine five of them, Three of them are well
publicized and in llmlited ume, These three techniques are thouse by the
Systom Development Corporation, by J,D, Aron, and by Ray Wolverton, A

fourth technique 1s a recently developed technicoue used by the Compnuter

Systems Commaend of the U,S, Army while the last one is one developed by
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Tecolote Research for the Navy,

3 Tec ue, The S8DC technique was develoved under contract to ESD
trox 2964 to 1968, The results of this massive reseai:h e’fort are con-
tained in nine volunvs identifled im vhe bibliograyhy, The Handbook
written by E.Ao'Nel-on in 1667 summarized most of the ressarch findings,

To gather data, the SDC researchers resorted to the ume of question=-
naires, While this limited the accuracy of the data, thay did amass 169
data points which remains the largest software cost data base currently
published by any single group of researchers (Morin, 1974). The SDC
researchers identified over 90 variables and examined their influence upon
cost during different phases of the software development proceas,

For the design, code, and test phase of software development, the
ressarchers were able to develop a parametric equation based on fourteen
differsnt parsmeters, Again, while the researchers examined over 90
variables, their final equation is based only on 14, This is because the
remaining variables do not improve the predictivc power of the parametric

equation, The equation is worthwhile to examine in depth, It is:

Y(1) = = 33,63 + 9,15 X(3) + 10,73 X(8) + ,51 X(26) + .46 X(30)
+ 40 X(41) + 7.28 X(42) ~ 21.45 X(48.1) + 13,53 X(48.5)
+ 12,35 X(51) + 58.82 X(53) + 30,61 X(56) + 29,55 X(72)
+ o5k X(75) = 25,2 X(76)

¥here the variables have the following interpretationas:

Y(1) ~ Total man-months required

X(3) ~ Lack of knowledge of operational irequirements
X(8) ~ Stability of design

X(26) ~ Percent mathematical instructions

X(30) «~ Percent information and storage

“i
RS
o




G5M/SM/765=4

X(41) ~ Number of subprograms

X(48,1) = Business

X(48.5) « Stand alone

X(51) ~ First program on compt -r

X(53) ~ ADP components developed concurrently

X(56) -~ Randonm access device used

X(72) - Different computers for programming and operation
X(75) ~ Number of man trips

X(76) = Program deta point developed by military organization

The purpose of reproducing this equation here ia not 10 recommend its
use, Instead, one should note the conspicuous abasence of one variable
from the parametric equation, The SDC equation for predicting msn-months
does not utilize the number of computer lnstructions as an independent
variable, None of the other variables have a very direct relationship with
ths number of instructions, The lack of this variable implies that the SDC
researchers found little improvement, if any, in their parametric squation
when adding the number of inastructions to the input, This is important to
note since most other parametric estimates depend heavily (f not exclusively)
on the number of instructions as an input (Morin, 1974).

Recognizing the importance of the number of instructions in other
research efforts, the SDC handbook provides tables which indicate the
nurber of man~months of effort required to deaign, code, and test 1060
instructions of a particular language. If we look -at some entries in
thoae tables, we might better understand the conspicuous absence of the
number of inmtructions from the SDC parametric equation, Two of the

entrieas are:
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JOVIAL (1000 object instructions)

Man-montha of effort required

No, ot data
points* Max Min Std Dev Msdian Mean
15 7.6 .66 2,31 2,5 3.07

JOVIAL (1000 source instructions)

Man-~-months of affort required

No, of data
pointa* Max Min Std Dev Median Mean
15 - 46,25 2,13 12,01 6,15 10,27

*(Note: Each data point represented a meparate software
development project),

Thus, the man-months of effort required to design, code, and test

1000 JOVIAL source instructions was only 2,13 man-months on cne software

t project, while it took 46,25 man-morths to design, code, and test 1000
% JOVIAL instructions on another program, The large standard deviation
A \ indicates that there was considerable variability in the data and it is
g:l ‘a easy to understand why the SDC researchers did not inculde the number of
;?f ' instructions as a parameter in their equation,

Unfortunately, by publishing a mean or expected number of man~months
for 1000 JOVIAL instructions, the researchers provided information which
I | & novice cost eatimator might take out of context, The variance in the

j'“f'q : data indicates that the number of instructions is eitler a poor estimator

of man-months or that the SDC data was faulty, Under either circumstance,
.:ﬂ‘ﬁﬁi ‘ use of the mean from this table would be of questionable value, This is
pointed out because in Chapter 5 we shall see that some estimators do use

this mean,

B Wbile the SDC data may be questioned, it represents a major research
effort in an area where few true research sfforts have been made, It still

represents probably the largest software cost data base ever assembled by a
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ﬁ!\ remearch team, The large number of variables oxamined us well as the
X 8
researchers' comments concerming the impact of these variables upon cost
is interesting and valuable, Unfortunately, ‘he SDC research was not

continued until a large enough data base could be developed from controlled

data to produce parametric equations with reasonable confidence intervals

(Nelson, 1967),

Aron's Technique, Published in 1970, Aront's technique 1s frequently

cited in the litorature, His parametric methodology not only identifies ”ﬂ

the variables, but alaso includes recommended values for these varimbles

LRETFE

-

!

|

‘ ‘ bassd on a large number of major 1M system programs, While Aron does not
j publish the data upon which his technique is based, his reference to & large

nunber and variety of IBM programas adds m coertain credibility to his article,

Ly

~; ’ The Aron technique begins with a system design and an estimate of the
\ nunber of deliverable, assenbly level instructions, The difficulty of
these instructions are thon judged Lo bve easy, medium, or hard primarily
based upon the number of interactlons a particular program wlill lLave,
Next, the estimator utilizes the duta reproduced in Table 1., The table

indicates, for example, that for a hard program being performed in

12-24 months, one can expect a productivity of 125 assembly level instruce-

tions per manemonth, After applying the approprlate productivity factors
to each program, the reault ims multiplied by a factor of 2,5 to account

for manmgoement and support personnel,

35 i
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Row 1

Row 2

Row 3

Duration

6=12 12=24 Mors Than

Months Months 24 Months

Difficulty

Easy 20 500 10,000

Medium 10 250 5,000

Hard 5 125 1,500
Instructions {Instructions {Instructions

Units per per ' per
Man~Day Man=Month Man~Year
Table 1

Productivity Table

Very Faow
Interactions

Some
Interactions

Many
Interactions

This is an extremnly brief sinplitication of Aron's 12 page article,

The primary point is that Arount's technique is heavily depandent on the

number of inatructiona,

Also, two things can be noted ¥rom Table 1,

First, there is a large range of programmer productivity based on a

oomewhat subjective evaluation of the degree of difficulty associated with .

& progranm,

Second, Aron states that if a project extends over two years,

then programmer productivity increases due to a learning effect, Afﬁp4

offers no proof of a learning effect and no other available literature

supports this,

However, taking Aron's data at face value, one can see

that programmer productivity goes from a low of 20 instructions per man~-

day for an easy program on a short scheduls to a high of 33 instructions

per man-day (10,000/year) for an easy program on a longer schedule (Aronm,

1970).,
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¥olverton Technique, A third technique was published by Ray Wolverton

in 1974 based on experience at TRW, The 21 page article describes the
technique in some detall but no specific mention is made of the data base
used in developing the technique, Also, no indication is given as to how
well the eutimating technique fits the data base,

The technique begins with a design in which software modules are
identified and then categorized, The categories are old and new for the
firat split and then easy, medium, and difficult for another aplit, This
yields six categories of difficulty, The modules are then further separated
according to the type of function being performed, Six functions such as
control and input/output are identified, This further divides the software
into 36 different categories based on unewness, difficulty and type of
prograna,

Wolverton then provides a table of cost per instruction factors for
each of the 36 categories, The number of object instructions i1 each of
the 36 categories is then multiplied by the appropriate cost per instruc-
tion factor to yield a total cost including overhead, The cost per instruce
tion factors range from $15 to $75 depending on the category,

A primary strength of the Wolverton techmique is its simplicity, It
requires some fairly simple subjective jJudgments to place the scftware
into 36 categories, Similar to the Aron technique, it only uses a few
characteristics of the moftware which are reasonably well known with the
excepiion of the number of instructions, In fact, the major problems with
the technique are that it requires an estimate of the number of object
instructions and that it assumes a linear relationship between cost and

the number of instructions within each of the 36 categories,

While the technique im attractive because of its simpliciiy, its usae
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is questionable since no indication is provided as to the nature of the
original data, How well the technique explains the original data should
be known before one can use a technique with any confidence (Wolverton,

1974).

ADPREP Technique, A fourth technique has heen developed for the U,S,

Army Computer Systema Command by the Planning Research Corporsiion (PRC),
The technique is called Automatic Data Processing Resource Estimating
Procedures (ADPREP), The technique is based vn data collected from 20 Army
data automation systems, Half of these systems were new while the remainder
were major revisions of existing systems, The systems were business type
systems and required a level of effort averaging 105 man-months,

The technique provides & number of estimating guidelines, For example,
detailed estimating worksheetas addressing each phase 5f dewslopment are
provided, An estimator c¢an review the historical values of the 20 prograas
and determine an appropriate worksheet value based on analogj or Judgment,
Numerous heuristice for certain specific activities much as documentation
are also provided, |

However, an sssential part of ADPREP are the parametric equations
which were developed using the data from the 20 Army systeme, We will
review one of those equations which addresses the same variable as the SDC
equation, The particular equation was developed based on the data from
10 new Army systems and predicts the total man-months of effort to design,

code, and test the software, The equation is:
Y(2) = 2,57 X(2) + 5,10 X(3) + 0,12 X(5)

Where the variables have the following interpretatiion:

Y(2) -~ Personnel requirements in man-months
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X(2) - Total number of different output formata of ADPS products
X(3) ~ Total number of record types in data base

X(5) =~ Average number of transactions per month of iaput in
thousanda

Note that in contrast to the 14 variables used by the SIC equation,
the ADPREP requires only three variables to predict man-montha, Also, like
the SDC equation, the ADPREP equation does not rely on the number cf
instructions in developing its estimate, Again, while some techniques are
strongly based on the number of computer instructions, other parametric
techniques do not utilize it at all,

The degree to which th§ estimating equation explains the sample data
is also provided in the ADPREP documentation, The ADPREP manual claims
that the above estimating equation has a squared multiple correlation
coefficient (Ra) of 1,0, Such a high correlation coefficient makes the
ADPREP technique very suspect, In emsence, the ADPREP claim is that the

estimating equation explains all of the variance found in the sample data

and that all ten random data points were exactly on the line defined by the

estimating eyuation, An exact fit im gquite questionable considering the
random nature of the variables concerned,

Nevertheless, the ADPREP technique ie quite well presented and i=s
simple to use for an estimator, The ADPREP manual warns the estimator
against using the estimating equations outside of the range of the sample
data, The worksheets 1insure that a detalled look is made at every aspect
of the moftware development, Howsver, the ADPREP technique also asmumes
quite a lot of detailed knowledge is available to the estimator, For
oxamplo; the eatimator must know the number of record types in the data

base, This ise reasonable for the humsiness tyye of Army systems for which

39
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the techunique was developed, However, for a real time weapon system, such
variables are normally unknown for a long time (Dept of Arﬁy. 1975).

Tecolote Tschnique, A fifth parametric technique was developed by

Tecolote Research for the Office of Naval Research, At firet, the
researchers gathered a data base of 387 data points, The data included the
169 data points from the SDC study a&s woll as data ;rom TRW, NAA Autonetics
and 12 other gources, After gathering this mass o1 data, the researchsrs
found that 1t was impossible to interpret the data because much of it was
from older sources with no available spokesmen to interpret the meaning of
th> various data elements, This problem is common in an area where lack
of definition of terms much as cost and instruction make most of the
available date essentially useless for research,

The Tecolote researchors then abandoned the masasive data bass and
selected only five points about which they had reasonable information,

They then proceeded to regress khe number of man~months of effort against
& number of different variables, They proposed thelr provisional technique
a8 an engineering scaling law rather than strictly derived statistical
equations,

The Tacolote effort produced a number of oati;uting equations, One
set of the equations predicted the number of direct labor man-months
necossary to totally develop a software package - from defining usors
requirements to validating the software, The met of equations utilizes
ditferent input variables to output man-months, For example, 1if one knows
the numher of air threats a weapon system will be required to frack, the

following formula is provided:
Total man-montha labor = 69 (No, of targota)l’88

In this case, the estimating parameter is a functional characteristic of
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the weapon system and not of the software,
On the other hand, if one knows (or can estimate) the number of
operating instructions, the following equation is provided:

Total man-months labor = 2,52 (Thousanda of 1nstructions)1°2“

his equation relates a software parameter to software coct,

The notable thing about the Topolote effort was their effort to
relate both weapon system parameters and software parameters to cosat,
While the reliability of the data is admittedly questionable, the resulting
equationa provide a manager with an indication of how cost might vary with
operational weapon system parameters, With this type of information, a
manager might seek to lower software cost by trading off the operational
requirements of tho.ayatom (Frederic, 1974),

Use Of Non~Cost To Cost Technique. Non-~cost to cost techniques are

admirable in their attempt to consider the many variables which can influ~
ence software cost, However, as can be seen from tha five parametric
techniques that have been described, research into the various cost
estimating relatlionships is far from conclusive, While some techniques
rely almost totally upon the number of iunstructions, some researchers have
found little use of the number of instructionm in predicting cost, While
somo ressarchers have postulated linear relatjonshipmibetwesn soms vari-
ables, others have postulated different exponential relationships, Until
more rescarch has been made with controlled datﬁ, the current parametxic
technidques provide thelr user with little confidunce,

Perhaps the problem with the various techniques can be better under-
stood by examining the various programmer productivity rates which different

researchers have found, Aron, for example, indicated that a programmer can
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produce from 125 to S00 object inmtructions per month based on numerous

IBM projects, Wolverton's price per inatruction matrix indicates a produce
tivity range of 62 instructions to 312 instructions with a center value of
156 instructions per month, The SDC researchers found that the productivity
for object instructions ranged from 10 instructions per man-month to a high
ot 7142 instructions per manemonth on different projeacts, With data which
indicates such wido differences in productivity ratea, it is easy to asee
why researchers have had problems in reaching similar conclualons,

Again, whethor the differences are due to the lack of controlled and
comparable data or whether the differences can be attributed to numerous
other causes 18 still uncertain, Until a major data collection effort 1is
made of well defined data, the wide spectrua in the findings of parameiric

resoarchers leaves many questions unanswered,

A State Of The Axrt Agmessment

We hsve oxahinod five different categories of software cost eatimating
techniques, Each of these techniques has certain problems in its umse and
ite accuracy, These problems are reflected in thoe moftware developments
0of both industry and government, Underestimations are oxtremsly common in
nost developmeiits while ovoresiimations are unheard of, While a rumber of
efforts have been made to develop improved comt estimation techmniques, no
generally reliable moftware cost estimativg technique oxists,

This chapter haa reviewed only a few of the najor software cost
estizating sffortas, For a more detailed btxplanation of many research
eftorts and techniques, the reader is referred to a masterts thesis written
by Lois Morin under the advigorship of Freduric Brooks at the University of

North Carolina, The thesis is well writien and quite comprehensmive it its
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asseosment of various published software cost estimating techniques,

Decigions And The 3tate Of The Axt

The problems with managing software are quite well appreciated. Soft-
ware development has been a critical problem in most weapon system develop-
ments and 1s currently a major topic of interest in the systems acquisition
business, Havlig soen the types of docislions which rely hoavily upon a
softwere cost estimate and having soon tho state of the art of software
cost estimating, porhaps one of the causes of the software management prob-
Jem can he better undoratood and appreciated. Why wo solect the wrong
system, the wrong computer, or the wrong contractor can ofter be traced
back to a decision maker's inablililty to reliably estimmte nofiware cost,
Why we fail in the development of major syutome such as the Advanced
Logistics Systom or why we are surpriged by huge software overruns is also
perhaps partially explainod by the inabllity to predict software cost,
Again, 1f wo seelk to improve the yuality of our decisions concerning weapon
syston software, then wo nuust bo able to predict softwars cost,

Before a manager can hope Lo control the cost of software, he first
muet undorstand how software costy are gonorated, He mumt understand the
relationship between woapon mystem paramotore and software cost, He musmt
be aware of how and whothexr the number of instructions is related to cost,
Until he understands these relationships, hig control of asoftware cost will

be haphazard and unguidod,
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IV, Methodology

The purpose of this research is to provide managers, researchars, and
cost estimators with inslght into the amoftware cost estimating process,
To accomplish this, the moftware cost estimating esvironment at the Elece
tronic Systems Division (ESD) was oxamined to dotormine what tochniquen
were being used, how they ware boing applied, and what proble.ns wero being
encountered, Thin chapter discusmes the methods used to gather and analyze

information concerning the environment at ESD,

Working Hypothoses

In essonce, this research ia descriptive in nature, We need to know
what the current onvironment is in order to live in 1%, to understand it,
and to improve it, To describe every feature of tho noftware cost estiw
mating environment at ESD wae beyond the scope of this ten week effort,
Therefore, work%ng hypothones wore formed to focus on the more interesting
and important facets of that environment, Those working hypotheses served
to gulide tho remnarch and limit tho area of investigation,

Again, tho hypothewses were only used to gulde and limit the research,
They are not hypotheses in the formal, statistical sense, No attempt was
made to statlstically accept or reject an hypotheses, Instead, a gueas was
made concerning the environmont and evidence was gathered concerning that
guean,

Thoe hypothesos are stated here in "null"™ form, That is, the writer
expected to collect data which would tend to refute esch of the hypotheses,
The hypotheses aro:

a, There 1s 4 common mothod used in eatimaling the coat of software,
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b, The persons responsible for making software cost eatimates have
similar backgrounds,

Cs 'The sofiware comt estimate is made when most of the software cost
drivers are known,

d, A nanagoment remsexve for soltware is maintainaga

v

e, The independent cost sstimate provided by an outside agency is
truly independent. .

f, Software estimates are challenged,

ge Tho contidence intervals which software cost estimators place on
their estimates are narrow and uniform, .

hy, There ig uniformity in the elements of software cost addremsed by

a software cost estimate,

1. The contractor's cost proposal indicates the method uwsed to
predict the cost of software,

Js Contractors' estimates in reeponse to a software Request For
Proposal (RFP) do not vary widely.

k, The type of software cogt data currently being collected on
sBoftware contracts will suppcrt the types of comt estimating
methods currently being used,

1, A primary management indicator of software status is the compariamon
of budguted coat and actual cost, The percent complete of the
softwaro tesk ia equal to the ratio of actual cost to budgeted
cost,

m, The moftware estimate does not change,

A limited protest of the interview was made at Wright~Patterson AFE,

The protost identified some questions that were vague and required refime~
ment, A revised set of questious was prepared Iar use in the ESD interviews,
The actusl interview instrument is contained in Appendix B,

The interview containes & large number of questions, The reason for
thies was twofold, First, the research effort was attempting to describe an
environment, To adequately do that, as mony facets of that environment
which could reasonably be described had to be explored, Second, the softe

ware acquisltions at ESD are at different stages, Some programs are not R
N
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yet under contract and would not be able to answer questions concerning
contractor performance, It wam expscted that few of the interviews would
bc able to address every area, In order to insure that an adequate amount

of information was obtained, a large number of questions were developed,

The Interview Subjactse

With the interview instrument complete, 1{ was then necessary to
identify the interview subjects, There are 21 programs at ESD which involve
the acquisition of a major software package, With the assistance of
Major Richard Grimm and Captain Gerald Bourdon of the Coet Analysis
Diviesion, a letter (Appendix A) was sent to each program office asking
them to establish a point of contact for the interview, The letter
requested that tlhe point of c¢ontact be the person most knowledgeabdble of

the software cost estimate made for each program,

Admipistering The Interview

The interviews were personally admialstered by the writer during the
poeriod 1Z-23 April 1976, An attempt was made to interview each of the 21
pointe ¢f contact during that period, However, the limited time available,
coupled with the non-availabillity of some permonnel, resulted in only
12 interviews,

In some cases it was possible to gain some limited information concern-
ing a program without conducting an interview, Thlis was done primarily by
reviewing contractor cost performance reports (CPR) for those programs on
contract, Therefore, with the interviews and the cost performance reports,
sone data was gathered on 16 of the 21 programs,

Table & indicates the programs at ESD which involve a major software

acquisitior. The nature of the data collected is also indicated, Note
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that the interviews were conducted in almost all of the ESD deputates and
were not-limited to any one miasion area,

. Adminigtering each interview took Ifrom 30 minutes to three houre, The
wide span of time resulted from the different nature of the programs, In
every case, tp.'intorvio' subject was totally cooperative,

Notes were taken at the time of the interview on the responses to the

four open ended questions, These notes were expanded at the end of each

day.

Interview Responses
Am oxpected, few 0of the interview subjects were able to address each

of the queatic:. sets, In most cases, this was due to the nature of the
program, Again, subjocts whose program was not yet on comtract could not
respond to the questions addressing contractor performance., In other cases,
the 1ntg?viev subject was unfamiliar with certain aspeacts of the program .
and unsble to readlily obtain the neceasary information, The net result is
that while some of the question sets were answered by as many as 13 subw
Jects, msome 0f the question sets were answered by only thres,
In the chapter on research findings, some reasons are offered teo
explain the limited response for a particular question set, It is hoped
that these reasons will indicate areas in which information is sparse and

serve to guide future researchers,
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. 5T PERFORMANCE
* PROGRAM OFFICE AMD OFFVICE L INTERVIEW REPORT

1, Airborne Warning and Control System

(AWACS) -~ IW YES YES
2, Advanced Airborne Command Post
(AABKRCP) ~ YIS YES N/A*
3, World Wide Military Command and Control
System (WWMCCS) -~ WW NO NO
4, SAC Automated Total Information
Network (SATIN IV) « MCV NO N/A*
5. NORAD Cheyenne Mountain Fmprovements i
(427M) - MCN YES TES
6., Air Force Enlistment and Entrance
Systen (ATEES) =~ MCH YES YES
7. TRACALS - OCN NO NO
8., Combat Grande ~ OCW NO YES
9, Cobra Dane -~ OCD YES NO
10, Over The Horizon Radar (4l4l) « OCS NO YES
11, Joint Surveillance System (JSS) =~ OCU PARTIAL N/A%
12, Pave Paws -~ OCL YES N/A*
- 13, Tactical LORAN -~ DCL YES YES
14, Satellite Communications (AFSATCOM) =~
DCK YES N/A*
15, TACS Improvement (485L) -~ DCY YES YES
16, TIPI Image Interpretation (TIPI II) -
DCM YES YES
17, TIPT Tactical Electronlc Processing
and FEvaluation (TIPI TERPE) -~ DCM YES N/A*
18, TIPI Display Control/Storage Retrieval
(TIPI DC/SR) -~ DCM NO YES
19, Joint Tactical Information Dissemination
System (JTIDS) -~ DCB NO NO
20, Combat Theater Communications - DCJ NO NO
M 21, Office for the Application of Special
Intelligence Systems (OASIS) - XRI YES N/A*

*Indicates that the Cost Performance Report was not available
either because the effort 1e not yet on contract or that cost
reporting on software was not a contract requirement,

Table 2

Sources nf Data
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Analysis

With the data collection complete, the next ta.” was to examine or
analyze the date to determine if it tended to support or refute the initial
hypotheses, Again, the nature of this research effort is descriptive, No
causal relationships wers hypothesized or explored,

The technigue used to examine the data and the hypotheses is quite
simple, In the following chapter on findings, each hypothesis and its
related question set are examined individually, The hypotheslis is stated
and then discussed to insure a clear understanding of the hypothesis and
ite impact,

After the hypothesis i1s understood, the question set used to collect
data ie examined, and the data sought by each of the questions is explained,
Since the sources of data varied for each question set, the programs for
which data was avallable are identifled, Questions for which limited or
no response was obtained are re-examined to explain why the responze was
limited, This may aid future researchers and also serves to indicate
areas in which information is sparse,

With the hypothesis and the question set understnod, the responses are
then examined, In some cases it is only necessary to look at some aggregate
characteristice of the data such as the range and the median, In other
cames, it is desirable to examine each of the individual responses, The
technique used for examining each set of responses is adapted to the
peculiar nature of the questions and the types of responses,

Finally, with both the hypothesis and the data understood, a determina~
tion 1s made whether the data tends to support or refute the hypothesis,
Admittedly this determination ia somewhat subjective, However, the reader

is provided with mufficient information concerning the hypothesis and the

49
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data so that he can reach his own conclusions concerning the validity of
the hypothesias,

Again, each hypothesis and question set are examined individually,
Both failures and successes in collecting data ;re explained to aseist
future researchers,

No attempt was made to correlate the data from one question sot with
the responses from another questlon aset, Sincg most qgestion sots ware
answered fur different subsets of programs, any such correlation would havse

been misleading,
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B V. Remearcnh Findings

This chapter presents the resulits of the interviews conducted at ESD,
The data collected againgt each of the thirteen hypotheses is examiied and
analyzed, Each of the hypotheses forms the basis of a research finding,

Bach finding is addressed individually, using the following format,

Hypothesis
For each of the research findings, the initial working hyypothesis is

reviewed and discussed, The impact of accepting or rejecting the hypothesis
is examined in broad detalil, Again, each hypothesis is stated in null form,

That is, the writer expected the data to refute the hypothesis,

Souxrces Of Data

Since not all of the subjects interviewed were ahle to address each
hypothesis, the sourcems of data for each of tho findings is specified,
This should give the reader a better feeling for the validity or relevance

" ‘\“‘.
of a particular remsearch finging. i

Questions And Respounses

For each of the findinge, the interview quostions which were initially
prepared are examined, Problems which were encountered with certain ques~
tions are dimscussed, Hcpefully, this discussion may aid future researchers
into the area,

The responses for each of the questions are then presented, The
range of responses, the mean response, and other appropriate characteristics

of the data are also presented,
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Discussicu
Atter the data for each finding is presented, a dimscusaion examines
the impact the data has upon the initial hypothesis, Again, no formal or

statistical test of the hypothesis is performed, Inatead, the data is

again examined to see if it tends to support or refute the hypothesis,
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Finding 7#1 - Software Cost Estimating Methods

Hypotheseis

Chapter III examined a wide variety of technlques which can be umed
to estimate the cost of software development, A research hypothesis was
formed to examine what techniques were being used and how they were being
applied at ESD, The hypothesis was, "There is & common method used in

estimating the cost of software,"

Sources O0f Data

Data were gathered from thirteen programs representing a wide cross
section of LSD programs, Due to the asensltive nature of some of the

reaponses, the indlvidual programs are not ldentifiod,

Questions

Two open~ended questions were used,

Question ﬁl. "Briefly demscribhe the software acquisitlion associated
with your program, What is belng acquired? When? How?" Many of the
programs at ESD have more than one software acquisition underway, The
intent of this queatlion was only to identify a single software acquisition
to serve as the object of the following questions, In cases where a pro-
gram had more than one software acquisition, the one selected for discusaion
was the one with which the respondent was moat familiar,

Question #2. "Dpscribe how the program office estimate of software
cost was obtained," The thirteen responses to this guestion varied
greatly in both the amount of information availlable and the nature of the
available data, Personnel transfers frequently made contact with the

original estimator impossible,
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Rather then simply classifying the responses, the wide variety of infor=
mation collected merits examining each of the thirteen reaponses, Again,
due to the sensitive nature of some of the responses, the programs are not

referred to by name,

Program A - The person interviewed had considerable previous work exporiénco
as a programmer and as a supervisor of programmers Ior a major software
contractor, Using this experience, he was able to analyze the total softe
were package and divide the software into modules, These modules ranged

in estimated size from 600 instructions to 35,000 instructions, The

average module, however, was about 5,000 instructionms 1in size,

Having developed an estimate of the number of instructions, the esti.
mator then referred to the SDC study which has preoviously been discussed
(Nelson, 1967), le did not use the parametric equations recommended by the
SDC researchers, Instead, he selected a asingle figurs from one of the SDC
tables which indicated the mean productivity of programmers in terma of
JOVIAL instructions per month, This particular table, and the amsociated
problems with the usme of its mean value, were proviously discussed in
Chapter III, Again, the SDC data was based on only 15 projects and indicated
a very wide variance in productivity experienced by different programs,
Nevertheless, the estimator melected a value which indicated an avurage
productivity of 325 JOVIAL ineiructions per month, This value appeared
reasonable to him based on his personal experience and based on hisn lknowl-
edge of the particular software package, Using tbis figure and the
ostinated number of instructions, an estimated cost of software was produced,

Since this program is nearing completion, the estimator was able to

comment on the accuracy of him prediction, For example, his initial estimate
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of the number of instructions iz the applications Aottvnro vas 160,000,
Three years after the eatimate was made, the current instruction count is
156,000, The accuracy is impressive,

Not onlﬁ was tho estimator accurate in him estimate of size, but also
in his estimate of cost, The current cost to complete is only 20% higher
than the original three year old estimate, In light of inflation, thiwm
cost estimate is again improssive,

Thus, despite the queatlionable source of an average productivity
ftigure, the estimator produced an accurate estimate, It should be noted,
however, that the respondent had nearly 20 ysars of work experience in
programming, This work experience might account for his accurate estimate

27 a multi-million dollar software effort,

Program B ~ This program called for the development of & new syntenm to
replace an existing older system, A special team was formed for the expross
purpose of aizing the computer hardware necessary for the new system, To
size the hardware, the team first reviewsd the software of the exiating
system and the improvements expected of the new amystem, By analogy, an
estimate was mado of the size of the software, This estimate was mude only
for the purpose of mizing the computer hardware, The team chief did not
believe that tho estimated number of instructions was a vaiid parameter for
estimating the cost of the software, Neverthelesm, tho estimated number
of instructiona waa later provided as the primmry input to another cost
analyst to determine the cost of moftware, Uning parametric techniquom
such as the Tecolote model, the estimator predicted software cost almost
solely based on the number of imatructions,

Again, the team that developed tho estimmte 0f the number of instruce

tions did so by analogy and not by an engineering analysis, Their intent
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was only to size the hardware, Regardlsesa of thim, once an estimate was
available concerning the number of instructions, trapslating the number
of instructions to a cost was almost inevitable,

One posslble reason why the program jumped at the chance to estimate
coat basmed on the number of inutructions might be found by looking at the
previous software cost estimates for thim program, Prior to the estlmate
of the number of instructions, an eatimate of software cost had somehow
been derived, How the number was obtained could not be detsrmimed, However,
during a nine month period of management review prior to contract award,
the initial estimate increased in large stops until the estimate was three
times the original emtimate, Thue, when faced wlth the opportunity to
owtain an estimato which would appear bona fide, the program office jumped
at the chance. Agaln, estimating software cost solely on the number of
instructions offers questionable accuracy, However, it does give the
oxtimate a seemingly sclientific hasls and mokes the eatimate more readily
acceptable, To challenge the new estimate, one would have to challenge
the ostimated slzo of the software - a major task, Faced with continuing
challonges and changos in the software cost esmtimate, it was to be
expected that the program office would jump at the chance to develop an
entimate which, while possibly not accurate, would be difficult to

challenge,

Program C - The software estimate for this program was prepared by a program
office engineer who was well supported with engineering and design services
from a support contractor, A complete design of the new system had been
contracted for which identified seventeen software modules and their

function, By discumssing each of tlwse modules with engineers frou similar
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"‘ Q!f systema, the estimator gained an appreciation of the effort involved in

each module,

o~ e

An estimate was then prepared for each module in terms of muan-months.

D The estimate for oach module was given as a range., For exampls, the

=

oxpectod or most likely effort required for a module might ha four nan~

P et

,: ‘ months, The least likely or worst came estimate for the same module
} i‘ might be six man~months, The estimate for the module was thew given as

4 to 6 man-monthe, Tho modules ranged in average size from 3 to 12 man-

| months, The total oxpected value was 138 man-monthe with a worst case
ostimato of 205 man~months, An additional 25% was added to the estimate
to account for undefined modulea resulting in a total estimate of 175 to
[ 256 man~months, ''his was then converted into a cost range of #830,000 to

$1,270,000 by multiplying by a "loaded" man~month, A loaded man-month

f‘; includes not only the direct labor cost of programmers, but also the over—
head costs associated with support personnel and facilitlos,

When this octimate was progonted to tho independent sstimator, there
wugqtofal agreement with the mothod usod to oatimate the voftware cost,
The Cost Analysis Divislion approved the sofiwara cost ostimate, However,

the pame approval was not forthcoming from highor managoment lovels,

Within the program offico, it was folt that the estimate did not adequately
take into account the offort required to document and test the software,
Therofore, the program office increased the original estimate to $2,4M,
effoctively doubling the worst case engineoering estimate, Again, this
doubling was due to the gonoeral uncertainties surrounding software cost

and to an uncertainty concerning what cost olements wero addressed by the

original estimate,

When the program office briefed thelr estimate at a higher level, a
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recommendation was made and accepted to even furiher increamse the software

estimate to take into account program uncertainties, In effect, the most

likely estimate of $830,000 was raised to 33,800,000 by two management
levels who were anxious to insure that sufficient funds wers dudgeted for ;
the effort,

Again, the intent here is not to critique the method used to arrive

at tho estimate, In actuamlity, auy of the estimates may eventually prove ﬁ

to be correct, The point here is that a well thought out and prepared
engineering ostimate was increased by the heuristic of doubliag it not
once, but twice, While this may insure that sufficlent funds are budgeted
for this program, the high estimate may cause other decision makers to
reach incorrect conclusions, For example, the §35,8¢ ostimate may indicate
to some planners that the proposed system is netl coat effective, The i
large estimate may cause the program office to develop a large moftware

ataff from limited resources when in fact the effort may turn out to be L
only 2%% ot the ostimated mize, Thue, while the program's budget may be

mufficient, other software management decisions may suffer from the inflated

eatinate,

Program D - Therc was nv data available concerning the original cost

oatinmate for thims system, However, in the original contractoxr proposal,

the softwure was ostimated to be 20,000 instructions in elze, Despite

thias small size, the computer bid by the contractor bhad a core capable of

handling 132,000 instructionms, far in excess 0f requirements indicated by "
the estimated 20,000 instructions, However, two yeare after contract

awvard, the 20,000 instructions had grown to 174,000 instructions, This
increase in instructions by almoast 900% was now overloading the core of

the computer requiring the contractor to overlay the moftware, ';U
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Program E ~ CThapter II1 discussed some Of the problems that cau arise when
using the cost per instruction technique, Essentially, the use of this
technique is subject (o large errors due to the poor definition of the
verns Y“cost" and "instruction® as well as to tue queationable relationship
between cost and the number of instructions, Program E offered aome clear
inaight into this problem area,

To estimate the nmofiwase cost of tils major acquisition, the program
office first obtained an estimate of the s3lze of the software from MITRE,
This estimate broke the software dewn into functional modules ranging in
size from 200 instructions to 50,000 inatructions, The large size of mome
of the modulss reflected the limited time available for developing ths
estimate am well as the uncertainties asscciated with certain functions,
To insure that the instruction count was not overly optimistic the program
office multiplied the MITRE estimate by a factor of 1.5,

With an instruction count in hand, the program office then sought to
lidentify an appropriate coamt per imstruction factor to use in estimating
cost, With the help of a cost analyst, they decided o use the cost per
inmtruction factor exhibited by the AWACS program,

In computing the AWACS comt per instruction factor, the lack of clear
and well understood terms was evident, The AWACS operational fljight pro-
gram had originally been estimated to be 158,000 instructiona, but had
eventually grown to 311,000 instructions in size, While the operational
flight program was an important component of AWACS software, it wag only
& small percentage of the total AWACS moftware acquisition, Diagnostics,
test routines, compilers, and other software programs were also procured,

However, when developing a cost per instruccion factor, the cost analyst

only considered the number of instructions in the operational flight Program,
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Looking at the total software cost divided by only the number of instruc-
tions in the operational flight program yielded the analyst two figures,

If one looked at the originally estimated 158,000 instructions, the esti-
mated cost per instruction was $139, On the other hand, if one considered
the 311,000 instructions which were finally delivered in the operational
flight program, then the cost per instruction was only $79., The analyst
provided both of these figures to the program office,

The program office was unaware that the cost per instruction ligures
were based on only the instructions in the operational flight program,

They decided to be conservative and use a figure of $150 per instruction,
They then applied this factor to all of their inastructions iacluding
diagnostics, executive, communications processing, and operational soft=-
ware, The resulting estimate was $33M, a major software effort,

In a rocent MITRE report (Ashe et al, 1975), the cost per AWACS instruc-
tion is given as a range of $6 to $13.50 per instruction, However, by
counting only the instructions in the operational flight program, the AWACS
cost per instruction factor rose to a high of $139, This 1000% to 2000%
increase is repr mentative of what can happen because of inconsistent
definition of terms, If the program office nad used the published $6
figure in the MITRE report, the $33M estimate would have been reduced to
$1,32M,

Again, the intent is not to criticlze the estimators, The lack of
common definitions in this case led to a breakdown in communications
between the cost analyst and the program office, Once this problem was
identified, rapid action was taken to correct the error, The problem

here is that these errors may not always be discovered,

60
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Program F - This program is currently concerned with engineering changes

to a major softwarc systaem, The software managers do not estimate moft-

ware cost internally, Instead, they first allow the contractor to prepare
a technical and cost proposal. for e¢ach engineering change, They then
concentrate their effort on analyzing the contractor's software estimate,

instead of trying to compare it to an internally generated estimate,

Program G - In this case, the program office cost estimate was prepared
jointly by the program office and the ESD Cost Analysis Division, 'The
software was divided into modules and an estimate of the number of instruc-
tions was made, Dased on a phone call to a former software instructox, the
estimators selected a productivity factor of ten instructions per day per
programmer, A software cost was then computed,

While the source of the productivity factor might seem strange, the
factor was obtained from someone experienced in the software area, Few
published reports of programmer productivity for different software
developments are available, Therefore, estimators frequently have to rely
on their experience or the experisnce of others to determine a value for
certain factors, The resulting estimate was reasonably accurate, The

total comt of software at completion was only 30% higher than the initial

estimate,

Program H ~ The estimator on this program divided the software into seven
modules, Ile then estimated the resources necessary for each module, The
modules were quite large in size, For example, the smallest module
required five man-~-years, If we assumed that a programmer could produce

ten instructions per day, the smallest module was 12,000 instructions in

gize, The large modules may indicate a lack of detailed knowledge of the
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software requiremonts,

Program I ~ The estimate for this program was prepared by the Rome Air
Development Center, No detalls on how the estimate was derived were avail-

able to the program office,

Program J -~ When initially planned, the program office did not anticipate
the use of goftware in the design of the system, However, after contract
award, the contractor made a design decision which required the use of

software, No software eatimate was prepared by the program office and no

Boftware cost data was obtained by the program office,

Program K - The estimator for this program used three different techniques
to estimate software cost, UFirst, an estimate was made of the number of
inatructions by MITRE and program office engineers, Then an engineering
estimate of resources waas made for each of the software modules, This
yielded the firat cost estimate,

A msecond cost estimate was made by simply multiplying the estinated
number of inastructions by a cost per instruction factor, The factor was
844 and represented the previous experience of the program office,

A third estimate was made by analogy with a similar project, In all
three cases the resulting estimates were similar, The use of three
different approaches provided the program offico with a higher level of

confidence in their estimate,

Project L -~ This program used two techniques to estimate cost, Firat, the
number of instructions was emtimated by the sole source contractor, The
estimator then utilized the table provided by the SDC study concerning
programmer productivity, Using these two factors, an estimate of the soft-

ware cost was made,
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A mecond estimate was made by analogy with a similar pilot effort,
Engineers felt that the software for the current effort was 4 to 8 times
larger than the pilot effort, Based on this analogy, a second estimate

was prepared, Both eatimates were similar,

Program M ~ No detail was available concerning the program officets original
estimate, However, the contractor's cost proposal did provide some inter-
esting information, The contractor divided the software into modules and
into types of effort psr module (e,g, design, code, document), He also
estimated the number of instructions required for each module, He then
applied a productivity factor of three man-hours per instruction for design,
code, and debug of an instruction., An additional $15 per imstruction was
added to cover the cost of software documentation,

This method is intereasting because the contractor's productivity
factor was supported by data from a previous ESD contract, While the
productivity is much lower than other published factors, it represents

measured experience on a similar program,

Discussion

It was quite obvious that no two of the thirteen programs used the
same approach to estimate software cost, The estimated cost per instruc=-
tion for a JOVIAL source instruction ranged from a low of $6 to a high of
$150, The detall in the estimatod number of instructions varied from
modules 200 inastructions in mize to 50,000 instructions in size, Pro=-
ductivity figurer ranged from three source instructions per day to fifteen
source instructions per day. Not only were different methods used, but

even those programs which used similar methods used quite different values

for the various rYactors,
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The lack of a common technique may cause a problem for a decision
maker, Using two different techniques, similar software efforts can be

costed quite differently, The range in cost for an estimate, depending

on the method selected, can be as great as 10 to 1, Therefore, unless

two software efforts are estimated by the same method, the decision maker
will be uncertain as to the comparability of the two estimates,

The lack of a common technique may be due ¢to a number of reasons,
First, no single technique has yet bsen proven to be hetter than any other
technique, Second, there is limited visibility into the area of software

cost estimating, No common data base exists where an estimator can compare
his technique with those used by other programs. Some techniques are not

woll publicized and may be unknown to some of the estimators,
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Finding #2 - Software Estimators

Hzggthoaia

The educational and work background of an individual determines to
some extent the types of software cost estimating techniques he can readily
utilize, For example, someone who has uever worked as a programmer would
find it difficult to judge whether programming a particular software module
would be easy or hard, Also, someone with only a basic course in Fortran
would find it difficult to architect or design a major software system of
100,000 instructions.

An hypothesis was formed to examine the backgrounds of software cost
estimators at ESD, The hypothesis was, "The persons responsible for softe
ware cost estimates have similar backgrounds." The hypothesis was formulated
to determine whether a common level of educational and work experience
existed among ESD software cost estimators. If researchers were aware of
the knowledge and experience limitations of the ESD software cost estimators,
they might better be able to develop a technique which could more readily

be used,

Sources Of Data

Data was collected from eleven individuals representing the following
program offices: 485L, TERPE, 427M, TIPI 11, LORAN, AWACS, AFEES, OASIS,
AABNCP, Pave Paws, and Cobra Dane, It should be remembered that the data
was collected from the person most knowledgeable of the sBoftware estimate
prepared for his program, Due to personnel transfers, this person may not

have prepared the actual cost estimate for his program,




Questiona And Responses

Eight questions were asked ‘n this area, Eleven persons were able
to respond to all of the questions,

Question #3. “Briefly describe your educational and work back-
ground,” The question revealed that all eleven individuals had college
degreea in the scientific or engineering disciplines, Eight of the sleven
had masters degrees, There were eight military personnel ranging in rank
from first lieutenant to major, The three civilians were GS-12/13 level,

Question #4, "How many years have you been involved in systems

acquisition?" PFigure 1 displays the reaponses to this question,

¥umber of 6
Individuals

o
o 3
o+

12 16 20

Years of Systenms
Acquisition Experienco

S8ystens Acquisition Experience
Figure 1
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It cun be seen that more than half of the individuals had less than four

yoars of systems acquisition experience, while nine of the eleven had less

than eight years,
Question gg. "How many years have you been involved in the acquisi-

tion of computer softwars?" The responses to this question were essentially

identical to those of the previous question, Apparently the individuals

systems acquisition experience is identical to their software acquisition

experience,
Question #6, "“How many college crsdit hours of software related

courses have you attended?" Figure 2 displays the responses,

5 4
Number of
Individuals
4+
3 4
2
P
[ 3 1

10 15 20 25 30 35 40

Number of College Credit Hours In
Software Related Courses

Formal Software Education
Figure 2
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The range was quite large, Two individuals had no software courses while
three had more than thirty credit houra.

Question #7. "Have you ever worked as a prograumer? How long?%

Note that this question sought to identify the individuals whose full time

job was programming, While many of the respondents could write a computer

program, only four had ever worked full time as a programmer, The range in
their programming experience was from one to five years,

Question #8. “Have you ever directly supervised a group of program-
mers? How long?" The same four individuals who had been programmers had
also worked as supervisors of programmers, Their expaerience as supervisors
ranged from one to eight years,

Question ﬁg. "Have you ever had any formal training in cost estima-
tion?" None of the eleven individuals indiceted they had any auch training,

Question #10, ™Have you ever estimated the software cost of other
projecte?” Six bhad estimated software cost on other projects, Five had

never estimated software cost on anothsr project,

Discussion

The data indicates that there ims a wide spectrum of experience among
the respondents, There were some who had supervised programmers, had
considerabls moftware education, and had estimated software costs on othex
projects, On the other hand there were some intividuals who had no pre-
gramming experience, no software education, and no previous experience in
estimating software coat,

Orly tovr individuals had the type of work experience one might expect
1s necessary to determine the difficulty of a software module or to esti-

mate the number of instructions in a module. Only three individuals bad
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gi the level of software education one might expect is necessary to design a
:
%t major new gofiware system, Only one individual had both the work experi~
4
E ence and education which might enable him to analyze a major software
@' package in sufficient depth and to reasonably determine the resources |
3 !
K | required for software development, |
% In summary, it appears reasonable to reject the initial hypothesis,
) |
§ It appears that there is a wide varlance 1la backgrounda with no common
;J : level of work or educational experience among software cost estimators
§ . at ESD,
é‘ b
“,._ ’j
: ..'
K
i“ \ |
4'\'
T
iy
A
) K
)
iw,'{ )
\
|
|
69

e




{ .. NI N R ERE A i T TR
! 1 | \

GSM/SM/765=4 »

Finding #3 - Software Cost Drivers

Hypothesis

There are a large number of factora which influence or drive the cost
of software, Due to the nature of weapon system procursment, many of
these factors may be unknown prior t¢ contract award, For example, prior
to contract award the type of computer may be an unknown factor,

Despite these unknown factors, & software coat sstimator im still
required to estimate software cost, To do this he must muke a number of
assumptions concerning the unknown factors, An hypothesis was formed to
exanine what factors are commonly unknown, The hypothesis was, "The soft-
ware comt estimate is made when most of the software cost drivers are
known," The ten factors or cost drivers examined were selacted from the

SDC study which indicated that these ten tfactors had a major influence

upon cost (Nelson, 1967).

Sources 0f Data

Two questions were formulated, The first addressed the level of
knowledge of the ten factors prior to coniract award, Data for this
question came from the following ten program officem: 485L, 427M, TERPE,
TIPI 1I, LORAN, AFEES, OASIS, AABNCP, Pave Paws, and Cobra Dane,

A second question examined how well known vhese same ten factors were
known after contract award, Data for this question was limited to the

following six programs: 485L, TIPI II, LORAN, AFEES, Pave Paws, and Cobra

Dane,

Questions And Responses

Two questions were formulated to examine the level of knowledge of
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gin ten factors prior to and after contract award,
U]

Question ﬁll. "A{ the time the ; rogram office made its first formal

(e.g. Program Management Plan) estimate of software development costs,

how well known were the following factora?"

S adelilE sl e

a. Type of computer (e,g. UYK~?7, UNIVAC 1108, etc,)
Pesfinitely known __ Generally known _ Slightly known __ Unknown

s

e, s

b, Configuration and types of peripherals
~Definitely known __Generally known _ Slightly known _ Unknown

¢, Memory and storage size
Definitely known __ Generally known _ Slightly known __Unknown

d,” Operating system
Detinitely known _ Generally known _ Slightly known __Unknown

\‘-)_‘

e. Compiler and/or assembler
pefinitely known __ Generally known __Slightly known _ Unknown

P

f, Number and type of interfaces
_pefinitely known __Generally known _ Slightly known _ Unknown

'aaﬁﬁbiﬁﬁﬁqy’?ﬁﬁgt

N &e Number of input memsage types

ot

~Definitely known __ Generally known __Slightly known _ Unknown

‘ﬁ . he Number of output message types
Definitely known __Generally known __ Slightly known __Unknown

1. Response time requirements
~Definitely known __Generally known __Slightly known ___Unknown

Jo Number of Computer Program Configuration Items (CPCIs)
—_Definitely known __ Generally known __Slightly known __ Unknown

To analyze the responses, different weights were sassigned to indicate

the extent to which a factor was known, The following weights were

assigned:

71




USM/SM/76S5=1

Definitely known - 10
Generally known = 7
8lightly known - 3
Unknown - 0

With these weights assigned, it was easy to Judge how well the various
factors were known for each program, Again, each of the ten factors was
assigned & weight between O and 10, Therefore, a maximum score of 100
would indicate that all ten factors wers definitely known,

The responses indicated quite a range betwsen programs, 3S0Ome pProgroams
were follow-on developmwents with most of the factors well known, Other
programg were at the other emd of the spectrum, One program had a total
score of 97 while another achieved & score of only 10, The msan mcore of
the ten programs was 65,2 with a median of 68,

Thus, an estimator whose program had a score of 10 had a great many
uncertainties facing hiw when a cost estimate was mada, On the other
hand, the estimator whosme program scored 97 had only limited uncertainty
facing him,

Examination of the individual factors yielded somo inkeresting results,
The least known factor wam the operating system which can have a major
impact upon software comst, The best known factor was the compiler, This
is probably due to the fact that & JOVIAL compiler is frequently specified
for most ESD programs,

Question #12, This guestion examined the same factors, However, the
lead part of the question was, At the time of contract award, how well
known were the following factors?" Again, data was only obtained for six

programs,

Using the pame weighting system, the programes which answered both

72

R

m(ﬂagu;.k.. A bt 4 ey :
A e - S et
. i .




-

1y o AR
? :

- "!
N

=T :
A S

S

oo L T

[
e WA

- g5 Bt e
EN B S

. T N N L AT e T
*‘—
Ll o "
. PR

GSM/SM/768-1

question 11 and 12 were examined, A marked improvement in the level of
knowledge was obvious, Prior to contract award the six programs had a
rangs of 10 to 97 with a mean value of 62,35, After contract award, the
six programs had a range from 82 to 100 with a mean value of 86,83, As
expected, once a winning contractor was selected, the factors which

influence software costr were better defined,

Discussion

It is appacent from the wide spread of responses that the lsvel of
knowledge of the ten factors is dependent upon the nature of the acquisi-
tion, Those programs which are acquiring software for an existing data
automation system have few uncertainties to address, On the other hand,
those programs for which little is known about the gyastem face nmany
uncertainties,

The mean score of 65,2 prior to award indicatea that for mocat pro-
grams many of the factors are known to some extent, As expected, the
award of a contract greatly increases the level of knowiedgs of thaeae
factors,

In summary, the extent of knowledge of the ten factors is dependent

upon the nature of the program, The level of knowledge varies groatly

between programs at ESD,
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Finding #4 - Managzement Resgerve

Hypothesis

In light ¢f the many uncertainties surrounding a software cost eati-
mate, it Beems reasonable to assume that program managers would budget
additional funds for software as a management reserve, The following
hypothesia was formulated to examine the nature and size of that manage-

ment resmerve: "A management reserve for gpoftware is maintained,®

Sources Of Data

Only eight of the twelve individuals interviewed were famliliar with
the concept of a management reserve, Programe for which responses were
obtained are: 435L, 427M, TERPE, TIPI IL, LORAN, AWACS, Pave Paws, and

Cobra Dane.

Questions and Responses

Six questions were administered,

Question #13%, "Are you familiar with the concept 0f a "management

resorve?" Eight individuals were familiar with the concept, The
following five questions were then administered to thece eight individuals,

Question #1L, "Did the program office establish a management reserve

for software?" Seven of the eight individuals indicated that thelr prograus
had established such a riserve, Sometimes thls reserve was created by the
contractor within his own budget. However, more frequently the reserve was
created by the program office with funds not placed on any particular
contract, Most of the respondents indicated that the reserve was not
ldentified as such to prevent its loss during a budget cut,

Question #15, "If yes, was the management reserve left in the program
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until the contract was egsentially complete?" Thias question was poorly
woxrdad, It applied only to programs which were complete and it amsumed
that the management reserve was not used, No réaponaos were collected,

Question £16. "Do you feel that a software management reserve should
be established for each major software acquisition?" Seven of the respond-
ents strongly agreed with this concept., One disagreed feeling that such
reserves would tie up funds required for other programs,

Question #17. "Do you feel that such a management reserve would be
approved during the budget process at BHQ AFSC and HQ USAF?" TFour respond=
ents felt that such a ressrve would be approved in light of the frequent
overruns in software acquisition, Three others felt that any reserve
identified as such would not be approved,

Question £1§. "What size of management reserve (as & percentage of
the estimated software cost) do you feel a program similar to yours should

budget?" The responses ranged from 5% to 50% with a mean of 18%,

Discussion

It is apparent from the data that most programs do establish manage~
ment remerves, However, the reserve may not be explicitly identified as

a reserve due to budgetary pressures,
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Finding #5 - Independent Estimates

Hypothesis

A program manager aometimes tries to reduce the uncertainty surround-
ing a software cost estimate by having an outside agency prepare an
independent estimate, At ESD these independent estimates are normally
performed by the ESD Cost Analysis Division,

An hypothesis was formed to examine whether the independent estimate
prepared for goftware was truly independent, The hypothesis was, "The
independent cost estimate provided by an outside agency is truly inde~

pendent,®

Sources O0f Data

Only five individuals were familiar with the independent cost sastimate
prepared for their program, Data were gathered for the following programs:

485L, TERPE, 427M, AFEES, and AABNCP,

Questions And Responses

Six questions were formulated to address this area, Unfortunately,
data 1as only available for three of the six questions,

Question #1.9, "Was an independent cost estimate prepared for softwarse?"

Again, only five individuals were aware of an independent cost ostinmate
prepared on their program,

. Question #20, "What was the independent estimate?" This data was not
readily available, Also, any figure which could have been obtained would
have been difficult to amsess, Often the independent estimate is made years
betore contract! awvard, To compare this independent estimate with the

current estimate would not bme meaningful due to the many changes which
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might have occurred in the program, To compare the independent estimate
to the program office eastimate at that time was attempted, However,
neither Lbe program office files nor the files of the Coat Analyeis Division
had this information readily available,

Question #21, "What was the program office ostimate at that time?"
Again, this information was not readily available,

Question #22, "Which estimate do you feel is more accurate?" Again,

no responses were collected since the relative estimates were not avall-
able,

Question #23, "Did you provide the independent estimator with your
estinmate of the number of instructions? All five program offices which
had indey.ndent estimates indicated that they had provided the independent
estimator with their estimate of the number of instructions,

Question #24, "Briefly describe the type of information you provided

to the indepondent emtimator,* All five of the individuals indicated that
the independent estimators were given a complete description of how the
program office estimate was arrived at, All assumptiona and parameters

were detailed to the indepeondent estimators,

Discussion

Informal discussions were held with a number of the analysta from the
ESD Cost Analysis Divislon, Tlkeme discussions indicated that while different
techniques were used to lndependently estimate software cosmt, all of the
techniques relied heavili, upon the ostimated number of inatructions mince
this poftware characteristic was generally evailable from the program office,
¥htle {he independent estimators try to insure that an adequate engineering

estimate 1& made by the program office of the number of instructionm, they
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do not have the capability or ths resources to independently estimate the
number of inmtructions,

Therefore, since both the program office estimate snd the independent
estimate rely upon the same estimate of the number of instructicas, it
appears reasonable to reject the hypothesis, Unless the independent
estimator can obtain an independent estimate of the aumber of instructions
for use in his cont analysis, then the estimates he provides cannot be

considered truly independent,
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,,\ Finding #6 - Challenges of Estimates
I &

glggthosis

Since software cost estimating is a difficult and uncertain process,

§‘ one might expect that software estimates are frequently challenged as to

% their accuracy. On the other hand, the lack of a reliable cost estimating

% technique may prevent any serious challenge of the initial moftware estimate,

glz An hypothesis was formed to examine vhothér program office estimates or

§ N contractor estimates are challenged, The hypothesis wam, "Software eati-

% ' mates are challenged," ?
0 )
;&t Sources Of Data

Data were obtained for the following eight program offices: 4851,

TP

TERPE, 427M, TIPI II, AFEES, OASIS, AABNCP, and Pave Paws, ij

s

3 AP
P

Questions And Responses

. pr
A

Two sets of questions were prepared., The first set addressed challenges

of the program office estimate. Eight responses were cobtained for this set,

*t.”'frwx;__;' o 5

A mecond set addressed challenges of contractor's estimates, Due to poor 1

question wording, no responses were collected for this question mset, A

Question #25, "“Was the accuracy of the SPO's software cost estimate f

challenged by anyone?® The reasponses indicated that only one of the

~ A

elght BPO's had their estimate challenged,

Question #26, "I yes, by whom?" The one challenge of a program
office estimate was made by the Cost Analysis Division,

Question #27. "Wasm the accuracy of the contractor's software cost
estimate challenged?" This question wag poorly worded aince the nature of

the contractual relationship between the Air Force and the contractor

e e e et o s s i i, e
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%Gﬁﬂ : requires such challengos,
?5 ) Discussion
; It i8 apparent from the responses thnat most program office vstimates
‘ | are not challenged, There are a number of reasons for this, First, many
of the program office estimates are prepared with staff assistance from
the Cost Analysis Division, Second, for an ocutside ageacy to question a é
program office estimate, they must have both a good understanding of the ‘
nature of the software acquisition and a good technique foxr estimating ;
; software costs, Without these, ons must generally accept the program 3
5; office cost estimate. ;
?‘ / |
v
b,
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Finding #7 ~ Confidence Intervals

Hypothesis

When an estimator predicts a future cost, he does not expect the actual

Y Y Ty

Cai 54

]
.?

cost to fall exactly at that point estimate, Instead, he recognizes that a

BT

range of valuea are possible and selects a value within the range of possible

values, He might select the most likely or mean wvalue within the range,

"
i.
k.

On the other hand, he may be conservative and select a value at the high 3
end of the range. {

Since different estimators might be uming different points within the

range of possible values, an hypothesis was formed to examine what the A
range was and what point in the range was being selected, The hypothesis
was, "The confidence intervals which software cost estimators place on i

L their eatimates sre narrow and uniform,

Sources Of Dats

Since the queations were not applicable to thomse programs which were
complete or nearly complete, the reaponse was limited, Also, some individ-

uale did not wish to gueas at how high or how low software vosts might be,

This may have been dus to the wording of the queation,

Data was collected from fivo program offices, Because 0f the somewhat

sensitive nature of some of the responses, the programs are not identified,

Questione And Responses

Question #29, "“What was the program office estimate of software cost
prior to contract award?" Rather than identify the sources of each remsponse,

Table > displays the remponses for the next five questions in an anonymous

e e e e e i i e e i,

fashion, Almo, no specific dollar figures are given, Instead, each of the

1
i
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anawers is given in terms relative to the program office estimate,

PROGRAM OFFICE | CONTRACTOR | POSSIBLE | POSSIBLE | PERCENT
PRO GRAM ESTIMATE ESTIMATE 10w HIGH COMPLFETE
Program A A 0.26A 1,204 1,20A 60
Program B B N/A 0.6B B 0
Program C c C 0.84C ? 20
Program D D D D 1.40D 0
Program E E E E 1.20E 0
Table 3

Range of Estimates

Question #30, "What was the contractor's estimate of software cost
in his proposal?" Again, the responses are shown in Table 3, Note that
for three progyams (i.e, C, D, and E), the program office estimate and the
contractor estimate are the same, After contract negotiations, these
three programs felt that the initial contractorts estimate was a reasonablo
value and altered their program office estimate to match it,

Note that for Program A, the contractor's estimate was only 26% ot
the program office estimate, While a buy~in or a misvnderstanding is
indicated, the contract award was still made at a price which was 26% of
the program office estimate, Without strong evidence of intentional under~
bidding, the preasure is upon the contracting officer to award to the
lowesat biddar, The lack of » reliable method for verifying a softwars
cost estimate may have bes.: .i46 reason that wufficient evidence could not

be developed,

Program B had not yet awarded a contract,

G
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Question #%1, "How low do you believe the actual cost of software

might eventually be?" Again, the responsea are indicated in Table 3, Note
that two programs (i.,e,, D and E) consider the program office estimate to
be the lower bound of the range, On the other hand, Program B considers
the program office estimate to be the upper bound of the range,

Program A's response indicates that the program office oxpecis the
contractor to complete at 120% of the initial program office estimate,

This is 460% higher than the initia". contract award, The program office
i® reasonsbly confident of this cost to complete figure aince a majority
of the contractual offor£ is complete,

Question ﬁ}g. "How high do you helieve software costs might eventu-
ally he?" Again, the data is presented in Table’3. The respondent for
Program C did not wigh to address this queution.’j

Question #22. "What percentage of the contract period is complete?"

This dats 1s also preseanted in Table 3,

Discussion

1t is apparent from the data that software cost estimators do not
solect the amme point within the range of possible costs, Program B
selected a value at the high end of the range, Program C selectsd a middle
value, and Programs D and E selected values al the low end of the range.
While the limited data precludes any conclusion concerning the confidence
interval surrounding the estimate, the selection of widely different
pointa within the range of possible cosis provides mome interesting inform-
mation, A given scftware cost estimate at ESD might represent the lowest
possible cost, the most likely cost, or the highest posaible cost depending
upon tha particular program, Apparently no guideline eximts which directs

the selection of a certain point in the range,
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Finding #8 - Software Development Phases

Hypothesis

In preparing a software cost estimate, an analyst must address each of
the software development phases or activities which are applicable to his
program, While most software acquisitions include the common development
phases or designing, coding, and debugging a compuier program, there are
many other development phases, A software acquisition may include an
analysis of requirements prior to software design, Maintenance of software
is another typical development phase,

Most 0f the software cost estimating techniques that have been developed

are based on estimating the cost to design, code, and debug software since
these phases are common to all software developments, An hypothesis was

formed {0 oxamine which phases were most frequently contained in the soft-
ware acquisitions at ESD, I1f a program includes more than the common three
phaseg of deslgn, code, and debug, then the use of only a single cost esti-

mating technique which addremsses only these three phases would not be

sufficient, Other technigues would have to be used to estimate the cost

of the other development phames, Aleo, 1f a cost researcher is trying to

dovelop a useful cost estvimating technique, he should he aware of the
various phases for which a cost must be estimated, To examine which phases
wore included in the programs at ESD, the following hypothes.s was formed:

"The phames 0f software development included in ESD programs are common,"

Sources O0f Data

Data were collrcted from the following twelve program offices: 485L,

TERPE, AFSATCOM, 427M, TIPI II, LORAN, AWACS, AFEES, OASIS, AABNCP, Pave

Paws, and Cobra Dane, fé&
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Questions And Responsmses

Only one question was used to examine this hypothesis., The queation

sought to identify which of sixteen software developmen: phamses were appli-

cable to a particular contract,

Question #34,

in the program office estimate of software cost?"

a,
b,
Co
d,
.,
f,

-0

he
L
Je
ko
1,
m,
n,
O,

Pe

Analyze user requirement
Prepare system specification
Define system interfaces
Degign the data base

Develop program test plans

Specify all input and output message formats

Doslgn and flow chart each computer program
component

Write coded program statements

Compile and check program code

Plan and run functional test of each prugram
Plan and conduct demonstration test

Train user personnel

Condust demonstration test

Apgsist in operational shakedown

Develop software maintenance plan

Malntain software after delivery

YWhich of the following contractor tasxs were included

—tes __ No
—Jes __ No
. JYes __ Fo
- JYos __ No
—Jes __ No
—Jos _ No
—.Yes __ No
. Jes __ No
. tes __ No
—tes __ No
Yoz _ No
—Jes __ No
. You ___ No
. Yes __No
——tos ___ No

Yon No

The responses to this question are depicted in Figure 3, Some of the

programs include all sixteen software development phases, One included

ounly ten of the phaaes,

were included in a particular contract,

On the average, more than fourteen of the phases

R e YO
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' NUMBER OF
CONTRACTS WHICH
INCLUDE A
SOFTWARE DEVELOPMENT PHASES PARTICULAR PHASE
! Analyze user requirament 6
1 Prepare system specification 9
. Define system interface 10
;' Deaign the data base 11
. Develop program test plans 12
Co Specify all input and output '
nessage formats 10
E Design and flow chart each computer
;g' program component 12
??“'/ Write coded program atatements 12
-
gA.i Compile and check program code 12

-

Plan and run functional test of

*'1 each program 12
Plan and conduct integration test 12
Train uaser personnel 11
Conduct demonstration teat 12
Asgist in operational shakedown 12
Develop moftware maintenance plan 6
Maintain software after delivery 6

Software Development Phases
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“Ap Note that only aix programs included the following three phases:
Gt

analyze user requirement, develop sofiware maintenance plan, and maintain
goftware after delivery, While thess aciivities are performed by nearly

all of the programe, thoy are frequently performed under a separate contrac-

S tual affort,

e gy . ’
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! Discussion

It is apparent from the data the while most of the contracts have many

Twm@ :‘V‘V"—r“

e

common cost elements, mome contracts include or exclude coertain major soft-

P

f? ware developmert phases, When roviewing a cost eatimato r* ESD, 1t is

i

EQ‘ necessary to eiamine which of the sixteen phasem are included in that
?Uh J estimate mince there is only limited -<ommonallty betweon contracts, One
A,

A

gi“ : cannot asmsume that & given softwc o cost estimato addromses the same soft-
e

E; | ware development phases,
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Finding #9 ~ Cost Propoml:

Hypothosis

A contractort'a cost propomsal can provide significant management infor-
mation to a program office, If a contractor's cost proposal includes the
mothod used to estimate software cost, a prograw office might be better
able to determine 1if a contractor fully understands the nature of the
software task, Also, if the contractor's estimate is based npon a certain
programmer productivity figure, this figure can provide the program office
a method of judging the mtatus of software development, For example, if
& contracto. estimated that his programmers would produce eight instruc-
tions per day during the term of the contract, then any significant devia-
tion from this figure would indicate that the totsl man~hours required is
changing from the initial estimate,

An hypothesis was formed tn determine the type of software cost
estimating information which is provided in a cost proposal, The hypothesis
was, “The contractor's cosit proposal indicates the method used to predict

the cost of moftware,"

Sources O0f Data

Seven program offices were able to provide data. The are: AFSATCOM,
427M, TIPI II, LORAN, AWACS, AFEES, and Cobra lLune, Other programs were
either not on contract or the individual was not familiar with the cone

tractor?s cost proposal,

Questions And Responses

Question #35, "Did the contractor's cost proposal indicate how the

cost of software was estimated?" Four individuale indicated that the
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method for estimating software cost was explained in the cost proposal,

The other three individuals indicated that there was no supporting rationale,
Question #36., "If yes, briefly describe the muthod the contractoxr
used to support his software cost estimate," Trh—e¢e contractors first esti-
mated the number of required instructions, Then, they applied a programmer
productivity factor to determine the amount of direct lavor required, In
one case, the contractor's productivity factor was mupported by data from

a previous contract,

A fourth contractor estimated cost by performing an engineering cost
analysis, The eofiware was divided into modules and sach module was esti-
mated in terms of the number of man~hours requiired, No sstimate of the

nuaber of instructions was made.

Discuasion

It 48 upparent that the inclusion of the meoftware cost estimating
method in the cost proposal is somewhat random, When the method is pro-
vided, it does supply significant information, For oxawple, the estimate
of the number of ingstructions furnished by throe contractors could be
checked against the program office estimate, Any significant dAlfferense
would indicate the need for additional technical diecussions, Also, by
providing productivity factors, tuwe contractors providsed the Air Force with
an additional method for monitoring the statuw ol scftware development,

The three programs which did not receive any supporting dats, run the
risk of awarding to a contractor at an unressonably low price, The probe

lems .reated by much awards were discussed in Chapter II,
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Finding #10 - Contractor Bids

Hypotheaie
When a contractor estimates the cost of software in a proposal, a

number of factors can affect the bid price, His understanding of the

requirements, his labor rates, and his pricing policy are major factorc,
However, his method of estimating software comt is also an important factor,
While the effects of these factors are difficult to separate, it appears
reasonable to assume that understanding, labor rates, and pricing policies
should not result in radically different prices for software, Instead,

any radical difference im more likely due to different methods for ssti-

mating software coat,

An hypotheais was formed to determine if radical differences in the

.

bid price for moftware do occur, While the csuses of these differences
are uncertain, an assertion is made that a primary factor is the different ‘)
mothods used %o estimate sofiware consts, The hypothesls was, *Contractorss

eatimates in response to a software Regrest For Propomals (RFP) do not

vary widely,"

Sources Of Datn

Data could only be obtaiped on three programs at ESD, Due to the
sensitive nature of contractors' pricing data, the speclific prograns

involved are not identified,

Questions And Responses

Three qussticns were formulated which sought to identify only the
highest and loweat bidder and determine the runge of the bida, However,

q
since data wams available for only three programs, all of the bids for a j
{
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\{ , program ars oxamined to provide additional insight,

g“ ‘ Question #37, "Was the contract for software awarded competitively?"
E‘ All three of the contracts were awarded competitively and involved both

% hardware and software, Only the bid price fox the software line ltem was
%_ exauminasd,

E ;‘ Questions #58 and #%9., Theoe questions only sought Lo idenidfy tho
g‘ i“ highest and lowest bidders, Instoad the antlre mpoctrum of bide is

2

At o o SENE e
: ——

L examined for each of the three prograna,

- The first program had sevon bidders, all major defonss contractors,

I The Air Force estimate of scuftware comt was $150,000, OUne contractor esti-
mated the goftware cost wut vne~third of this figure while another esiimated
the coat st almoat six times higher than the goverament estimate, The other
five bidders woro distributed wvenly between these two extremes, Note that
the highest bid was 17 times higher than the lowest bid, The contract was
awardrd to a contractor whose moftware emtimate happened to uatch the Air
Force eastimate, (Note: Thin effort consisted of hoth hardware and softe
ware, Therefore, the bid price for moftware was rnot the only factor in
making the award.) At the completion of the contract, the actual software

cost wam fairly close to the govornmeni'a original sstimate,

A second program had only three bidders with a much smaller range of
bida, Jf we call the government's initial estimate “X", then we can examine
the bid prices in relation to the government e¢stimate, The three bids were
66% of X, 84% of X and 126% of X rempectively, While these bids bracket
the governuent eastimate, there is still aimoat a two-to-one i1stic between
the higheat and the lowest bidders, Since this was a multiomillior dollar
goftware sffort, the difference was quite substantial,

Data on a third prograa was obtained from a bric¢fing given by the chief
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of the ESD Cost Analysis Division . Grimm, 1976), The data provides the
responses of five contractors who were bidding against the same statement  ﬁb fi

of work, The data includes the contractors! estimates of the number of

inatructions,
CONTRACTOR INSTRUCTIONS cosm |
A 153,000 $2,800,000
B 282,000 $2,500,000
G 100,000 $4,600,000
D 735,000 $4,500,000
E 766,000 $2,100,000

Nota that the contractor with the largest estimate of moftware size
(1.e, Contractor E) bid the loweat software price, Note also the range
in the sizing and in the cost, The slizes range frow a low of 153,000
instructions to a figure five times as big, The coat range is narrower

but still represents more than a two-~to~one ratio between the highest and

the lowest bhidder,

Discuselon
A Dormrgnert | et D MO

Again, the reasons for the differences are uncertain, It can be seen

that there 18 a wide range not only in the pricing of software but also in
sising software, How nmuch of this cost variance can be attributed to the
xethod used in estimating software cost cannot be determined, Admittedly,
somo or even most of the difference might be due to misunderstandings of ‘}
the requirements, However, if we look at bidders D and & from the last K

example, we can see that deapite reaching similar conclusions concerning

the size of the effort, the dollar values assigned to their efforts are

quite disparate,
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It soems reancuakle, even in light of the limited data, to refute the
hypothesis, Contractor’s ontimates of software costs do appear Lo vary

quite significantly when responding to the sameé specifications and the same

statement of work,
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Finding #11 - Availability of Data

Finding #2 described the various types of softwaro cost estimating
K techniques which are in use at ESD, These techniques rely heavily wupon

guch parsmeters as cost per instruction and programmor productivity,.

Simce the accuracy of these parameters is importeni, an hymithesis vas
{ formed to examine whether the contracts at ESD were collecting the type
of software coat data necessary to verify theme parameters, While verifying

these parameters might have only limited utility for tha current programs,

it could serve to guide future softiware cost estimating efforta, The

hypothesis was, "The type of moftware cost data currently being collected

on software contracts will mupport the types of cost estimating methods

currently being used,"

Sources Of Data

Data was obtained for the following oleven program offices: 485L,
42974, TERPE, AFSATCOM, TIPI II, JORAN, AWACS, AFEES, AABNCP, Pave Paws,

and Cobra Dane,

Quamtions And Responses

Eight questionms were asked *‘o determine what elements of information
woro being collected by the eleven programs, Tho responses to each eloment
of information are summarized in Figure 4,

Quastion #40. "“Does/will your contract call for the reporting of cost

data?® Ten of the eloven programs indicated thoy do recelve contract cost

dﬂ.tﬂ.. i
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Quention #41, "Doesm/will the coniractor ieport the cost of software
an a separatoly identified 1tem?" Eight of the sleven lndicated that wofte
ware costs are psoparately ildeutiflod, This im signdficant, Major progrems
at the Aeronautical Systema Division (ASD) such ams the B-l do not separstely

1dentify software in their cost reports, At ESD, howeaver, the practice is

quite common,
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Queation g&ﬁ. "Does/will the contractor report the total number of

S couputer instructions?" Again, eight of the eleven programs receive this

data,
Question ﬁ&ﬁ. "Does/will the contracior report the total aumber of J
instructions for each Computer Program Configuration Item (CPCI)?"  (Note:

i \ A CPCI is a software module which includes a pujor segment of the softwarv L %

being acquired, For example, a compiler or nn operational flight program
might be CPCI's, If data irm available to the CPCI lavel, an eastimator
might be able to draw analogles between similar modules for different

programs), Seven of the eleven programs receive this level of data,

Question #hl, “Does/will the contractor report the total number of

direct mau~hours charged to software?! This data is required to determine

programmer productivity factors, Seven of the eleven programs collect

this data,
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Question #45, "Does/will the contractor report the total number of

direct man~hours charged to each CPCI?" This information would be necessary

to determine if different productivitlies oxisted for differsnt types of

-

gsoftware modules, Only four programs recelive this data,
Question #46. "Does,/will the contractor report the total number of

machine hours for software development and test?" Computer time caun be a 1

signi.ficant portion of goftwar. cost, While some of the ESD programs

e e e e ocd ke

provide thias resource as a government furnished itom, othern are charged

for machine hours by the contracto. . To be able to compare cost data from

two programs, an analy®: would have to know whether or not this cout is
included in the total software cost, However, only five of the olevun

programs collect this data,

Question ﬁqz. "Does/will the contractor report the total uwumber of
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machine hours required for the development and test of each CPCI?" Only

two programs received this level of detail,

Discussion

The collection of data by programs at ESD is far from uniform, Sone
programs collect all of the above data eoloments while otasis collect only
a few Or eoven none of them, To develop & reliable softwurs cost esiinmating
data bane, controlled and well defined data should be collected from all
programs,

Many of the individuals reported that while the datsa was not formally
collected, it might be obtainable from the contractor, INlowever, unleus a
specific and well defined set or software coat elumeénta are contractually
requirsd and formally reported for all programs, the development of a
comprehensive and productive sofiware cost data base 1s extremely difficult,

In general, it appears that many programs at ESD are collecting the
types of data necessary to develop a uoftware cost estimating data basge,
Unfortunately, some serious gaps exis!t in the dsta callected, There is no
common format or definlition of variables for collecting this data. Also,
there i1a no common repository for the data that 18 being collected, Unless
thie data is uniformly collected and analyzed for nany programs, the utility
of the currently collected data in developing better cost estimating cvech-

niques 18 minimal,
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Finding #1l2 -~ Software Statun

Because of the lack of well defined technical milestcnes for software
development, menagers havo difficulty in assesaing the status of software,

Nevertheless, tho status must Lo detormrned Lol wanagsuunt PUrpoBes such

as determining the amount of progross payments to allow a contractor, The
status of aoftware is frequently given by e single perawmeter ~ the percent
complete, While the validity of such a parawotor may be questioumed, it is
in widemspread use at ESD,

An hypothesis was formed to try to deterwine how the percent complete
of sofiware was computed, The hypothesis was, A primary management indi-
cator of software status is the comparison of budgeted cost and actual coet,
The percent complete of the software task 14 equal to the ratio of actual
cost to budgeted cost," In Chapter II the problem of using this ratio as
a status moasurement was dimcussed, If tho software cost estimate is in
error, then a munager may well be monitoring financial activity instead of

technical progress,

Sources Of Data

While it was possible to obtain data concerning the actual and budgeted
cost of software for many programs, it was not possible to readily collect
data concerning what percent complete the software was Jjudgod at any upecific
time, While such data may exist in the contracting officer's files, the
individuals interviewod were not able to provide this information, There~

fore, no data was collected concern.ng this hypothesis,
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Finding #1% - Changes in Software Coast Katimates

Hypothosis

After making an initial estimate of software cost, a manager will
frequently obtain additional information which requires & revi.sion of the
cost eatimate, An hypothesis was formed to examine when and how {hese
changes occur during a program's lifetime, The hypothesis was that the

software estimate did not change,

Sourcas 0f Data

Datu was gethered from ten programs at ESD, Five of theme programs
were complete while the other five are still ongoing, Due to the msensitive

nature of the data, the individual programs ure not identified,

Questions And Responses

Initially, a set of elesven questions was formed to address thias hypoth-
esis, The questions appear in Appendix B as Questions 51 through 61,
Sufficient response was not obtained on these questions for two reasons,
First, the questions assumed that each program office maintalned an
historical record of the initisl software cost estimate and of the changes
to the estimate during the lifetime of the program, Such data was uot
consistently recorded by the program offices, Second, the guestions were
poorly worded, IFor example, one question asked for the cost estimate at
the timu of the Critical Design Review (CDR), It was ihought that the CDR
was a single point in time common to most programs, Unfortunately, while
the CDR 1s common to most programs, it sometimes covers a considerable
period of time and is not a single point in time, Therefore, the software

estimate during the period of CDR sometimes changes quite significantly,
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In light of the unavallability of responses to the eleven questions,
an alternative source of data war used, Many of the contracts at ESD
recolive periodic reports irom contractors concerning the progress of a
contract, One of these reports is the Cost Performance Report (CPR), The
CPR reports the contractor's progress against an ianitial financial plan,

A budgot or fimancial plan ie established for each major task at the start
of the contract, As the contract progreassu, the contractor reports his
actual expenditures and explains any variancus between his estimated
expenditure and his actual expenditure,

While the CPR containe many items of information, only two were

relevant to this hypothesis, The first item is the contractorts acturl
cost expended for smoftware, This actual cost includes direct labor and
overhead, ?ho second ltem im the contractoris estimate of total softiware
cost, As the contrect progreases, the contractor reports hoth his increasg-
ing actual coet and any changes which he may make to his estimate of the .
total software cost,

Completed Programs, We can firat look at tl}a data which was obtained

from the five programs whose contracts are completed., Figure 5 deplcts

the type of information gathered from Program A,
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The horizontal axias of the graph depicts the numbor of mouths elapsed after
contract award, The vertical axis depicts the ratio of estimated or actual
cost to final cost, Two plots are made, One is the ratio of actual cost
to final cost over time, The second ie the ratio of the vatimated cost to
final cost over time, For exzample, Flgure 5 indicates that the initial
sottware cost estimate was only 52% of the iinal sol.vare coust, ALsG, Lho
graph indicates that the actual cost equaled the inltial estimate when

only 22 of the 44 months of contractual effort were complete,

Some 1lnteresting observations can be made from Figure 5 which ims
representative of the data obtained for all five completed programs,

Firat, one notes that the ratio of actual cost to final cost is esmentially
linear, The implication is that the level of resourcosn applied to software
is level throughout the period, Note that for Program A, the contractor
probably sized the initial software team based on his initial estimmte of
software cost, However, this estimate was only 52% of the final coat,

When the contractor began to realize that hia initial estimate wam faulty,
he did not take any action to significantly increase the amount of resources
applied to software,

Two reasons can be postulated for the contractorts fallure to increase
software resources, Firet, incroasing resources adds significant cost and
problems to the project, The existing moftware team must normally stop
software production while new staff members are trained and oriented to
the new project, Jecond, the contractor does not quickly realize that his
initial estimate was grossly wrong, For eoxample, after 16 months the
Program A contractor finally ralsed his estimate of software cost, However,

the increased value was only 7?2% of final cost and was not seignificmntly

higher than the original estimate, Later, in the 28th month, tLe contractor
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again raised hie estimate of software coat, He now knew that his initial
estinmate was grossly wrong, but it was too late to make any significant
improvement in schedule performance by adding more resources,

In essence, it appearn that the contractor has the attitude that good
times are juat around the cormer, While his estimate might be grosmsly
wrong, he learns of this gross error only slowly. The increascos iln tho
eatimate never appear to be large enough to merit the application of
additional software resources, The naet effect is that Program A software,
which was expected to take 22 months and cost a certain amount, wound up
taking 44 months and comting almost twice as much,

The impact of this attitude is twofold, There is of course the addi~
tional cost of software, However, this addivional cost migbt be minor in
impact compared to the indirect comt of a 22 month schedule slip, Such a
#lip can generato indiroct costm which well exceead the udditional cost of
software,

A macond obgorvation can be made from the Figure Y datas Note that
the eastimated cost of software appears to chenge in lrregular steps, Again,
two reasons can be postulated for this, ¥First the contractor has no method
for easily updating his initial cost estimate, l{e does not generally have
& comst model which can be quickly updated to take into account current
performance, Instead, reoastimating is a major tumk, The moftware pro-~
duction 18 hmlted while a new software developmont plan is formulated and
resources are eatimated againet this new plan, This type of major re-

estimating effort can compound the problem of riming software cost, There~
fore, contractors tend to avoid reestimating until it ig blatantly obvious
that the initial pian ims faulty,

The Boconu reamson for the step-like bohavlor of the omtimated cost data
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is that the contractor frequently im uncertain that hie zurrent estimate
is in error until his sctual cost apyrcaches his eatimated cost and the ;fa
software is atill incomplete, Note that for Program A the mctual cost -
almost equaled the estimated cost in the 27th month finally forcing the

contractor to reslize the need for rsestimation,

A third obmorvation can be made by looking at the changos in the uolt-

ware ostimate during thoe eurly months of the comiruct, One wmight oxpect
that after the software team has been assombled and working for throe to
six monthe that they would then have a velid conception of the mize of tho
software, However, looking at Figure 5, we can note that the estimate
actually dips in the first monthm -~ increasing the estimating error, Not
until 16 monthe into the program is a significant increase in the moftware
cost rucognized, Apparently, the first months of 4 contract are a period
of optimiem during which any indloations of higher software costs are
eithor not avallable or are ilgnored,

Appendix C contelne the grapha of four other completed Programs
(Programs B, C, D, and E), While the initial cost estinate for theme
programs varied from 380% to 78% of £ al cost, the geveral pattern of all
five progroms is somewhat similar, Joftware coutsm are scoumulated linearly;

software ostimates chmnge in irregular nteps; and no major change cccurs in

i the estimmto early in the program,

Uncompleted Programm, Having looked at how completod programs pore

formed, we now turn to the five uncompletod programa, Ilgire G displays
the data gathered for Program F,

Note that since tho programs are stlll oamoing, no final cost of sofi-
ware is known, ‘heratore, the vertical axim of I'igure O represents the

dollar value of the ootimated or actual (ost of moftware, Note, .or oxample,
O
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that the initial cost for software for Program F was about $84, After
45 months of effort the estimated cost to complete has grown to $17M, more
than double the original estimate,

Again, the sume three obmervations can te made for the uncompleted
programs that were made for the completed programs, For example, the actiual
comt are again being accumulated in a linear fashion, Also, the changos in F
software estimmtes appear to occur in irrogular stops, And again, no major
change in tho msoftware estimmte ia ovident for the first 16 months of the
ocontruct,

Appondix D contains the data collected for both thw comploted and
uncompleted programs graphed in the same fashion as Figure 6, The pgraphs

indicate different values and diffexront sizes of softwaro orrors, tHowevor,

all ten of the programs tend to exhibii tho same three properties that were

obsorved for Program A and Progrem I°,

Discusmsion Y
Again, the Cost Verformance Leport data appoars to indlcate a number

of things sbout noftware cost estimateu, The implicationa that thome Y

3 ; obmervationn can have for manapgomont aroe important,

Iinmar Cont Accrual, The data indicate that none of the ten contractors y

ever algnificantly altered the wslze of the original software temm, Tho

contractor will normally koep the initially for.ud toam working until the

sofiware 1o eventually completod,

f Thie implien that any orroxr in eotliumating software cont will eventu-
ally be translatod into a software schodule nlip, For oxample, in Program A
the contructor origina’ly ontimntod software to comt §1l.”M and take 22 monthsm,
At tho end of the contract, software cost had risen to $3.4M, Since the

program wac 8 large hacdware and softiwaro development, the dolluyv increasoe "
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in software had only a small impact, lowever, the software schedule was
extended from &2 months to 44 months, The indirect cost of this schodule
slip cannot be dotermined, Ilowever, it was quitoc ovident from disrussions
with praogram office personnel that the schedule slip had a much greater
impact than the increamsod cost of software,

Thus, if managers view tho completlon sehodulo of tholr program ns o
oxitical factoer, thon managors should be equally concorned wiih tho ogti
mation of moftware cost, Any error in tho noftware cost eatimato wlil
probably bo tranglated into mchodule alippage,

Stop Changon In Watimatea, Ono mipght oxpect that 1f a noftvare manager

maw that a certain software module had heen grommly undorestimated, he might
take action to revime him osntimato of the romaining modulos, In fact, the
software managoxr doos not appenr to quickly react to any ouoh indiocations,

Only whon the actunl coust of softwaroe approuches the eostimatod cont doom

the snoftwaro manager uppear to bo sutflclontly motlvated to siop produciug
software and to reviso his ooftware ostimuto, ‘hin type of bohavior in
demormtratod in the irrvegular stepwiso changes in the msoftware estimuto,

Larly Optiminm, 1Lt almo appears that noftware managers are qulte

optimistic during tho early months of a contract, Agaln, one might expoct
that during the oarly wmonthe n more dofinite moftwars dovelopmont plan ins
establishod which accuratoly reflects the total effort required, Given
much more time and resourcons than wore avallable during the proparation
of contract propocals, one might oxpect that the new plan during the oarly
months would indlcute the noed to accurately revine rosourcen,

In fact, such a revigion of software ostimatos doos not appear to
occur during the carly monthe of the contract, In many casom, the estimate

of noftwaro cost actually drops and hecomes worso, Not until quite late
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in the contract does Lhe contrastor slowly and gradually reallze the error
in hie initial estinmate,

The Gocd And The Bad, None of the five completed programs ever had

the final cost of noftware lower than the initial estimate, The best
performance was from two programs which exhiblted cost growtha of about
3%, It ono consliders that these estimaten were made for u {wo year poriod
during which inflatinn was quito high, then the accurasy of theuve two
program estimates Ln roemarkable, On Lhe other bhand, thore are other pro~
grans whowe moftware cost has doubled and continuea to olimb, In short,
the range in program performance, as indioatsd by the initial moftwase coat
entimate, is quite broad, In light of the vastly different muftware comt
estimating parametors and tochniques in uwe, as prosented in Iinding #1,

the wide dimsparity of progras performmnse ia not aurpriulng,
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VI, Recommondations

3
_—
-y

In 1976, oD managers will bo making decisions concerning the acqui~

sition of an estimated $3 billion of software, Since cont Is frequently

o TR

~

the dominant crite.da in themse decisions, the capability to provido thoso

-

managers with reliable and acourate softwaro cost ostimates io ocssontial,

e die _aadi i P e R

Thims remearch effort has provided some limited insight into the nofte
wure cost ostimating proceas at ESD, Duned upon the ronearch findings,
there appear %o be some major problem areas which inhibit the development
of accurato and relimble software cost emtimaten, Thin chapter reviews
theme problem areas snd recommends actions to improve the moftware ocost
entimating process,

f While thims rossaxch wams limited to tho F3D onvironment, the same typenm
\
\ of problenn may oxist at other LoD software acquisition activities, There-

Chd ket aile ik SRS

fore, the adoption of these recommendatlions by othexr Dol agenolies shonld

aleo he counldered,

Progkn- Offlom Entimantaow - An Aanenmmont

One part of the sofiware cont ostimating procéss wilsh oan He improved

is the developmont of internal program office entimaten of avfiwars comt,
Before examining possible improvementn, it is important to underatand the
pature of the prohlems estimators at 14D have in developing acrurs’e and
rellable entimaten,

Brror Sourcen, In estimating aoftware cost, thexro are three posul -}

sourcem of error., The firat mourco of orror ix due to the element of chance

in the future which makes cosmt n random variable, No matter how good an

{ estimmting teohnlque might be, the random nature of future cout will always

be a mource of error, No action can Lo taken to complotoly eliminate this
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source of orror,

A Becond source of error is the estimating techniqueo iLtself., No e

=
A

g
Y
&

current tochniquo has been demonstrated to consistently produce reliable 1

> B

and accurato esmtimatos, Current technilques fall to procisely and completely

e ettt o ol

f describe the rslationship that oxlsts botween couat and other parametera,

Untdl futuro resvarch dovelops bottor tochnlquea, this source of orror «

will continue tu trouble program vafico owtimatou,
Thore is a third source of orror which muy, in the writer'g opivion, X

contribute more orror than tho other two sources, Thig third source is

it Sanaiieini™= 26 . ¥ e e an SatEt il — o

the nonwuniform and unskilled application of a coat estimating techniquo,
%‘ Rogardless of how good a technique im, an acourate estimate may only bo
£ obtained 1f the tochnique is pruporly usod, Tho rosearch findings Lucdie
i catod that a numbor of problem aroas oxlnt whioch pive riae to this type
0! orror,
Vroblom Aconn, lFoxr oxamplo, inotoad of uwsing a common, well~dofined i
wethod for omstimating noftware vool, Mindirg AL indicated thet XED osti-

mators une o myriad of difforent and poorly definod techulquen, Comi {

parameters vary w'dely, Munagors find it dLfficuly to compnre emtimnton
! yrepared by difforent technlquen, Thoy alpo find 3t difficult to Judge ,

tho relative merlin of the various tocholguos wslngoe not onoupgh progromm

R TS

uwo the sume methodn and the same cosl paramoters

=

2. .
I
F 2 2%

The muany differont techniques, couplod wilh nome unahillod ontinatory,

ofton oan remult in orrors, In waoe cano, an ostimator Lnput an estimate of

fud
[

20,000 instructions into a cost model only to find lator that the true
b aumbex of lnstructions wam 174,000, Anothor ectimavor intorviowed did not

undarstand the differonve hetwoon source and object iLnstructions, In a

11.0 ,
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third caoo, a misunderstanding of terms resulted in a $33 million estimate

(.
:;A I for a software project probably a tenth of that sizo, These types of mis-
X taken ¢an result ir more net error than any other asource,
: ‘ Other problems exist, Finding #7 indicated that a glven estimate
) might reprosent olther the lowest possibleo cost or the highest possible
cost, Minding #8 indicated that all ostimutos do not address the same

phases of softwoare dovelepment,

O T TS i.r:,-:-:{ rw_’vv. —yr

acod with thoso probloms, managers seek outside help to bolster iLheir

g

h
il

confldence in an ontimato, Howover, Finding #5 pointed out that tho current

indopondent estimutos wore vtrongly dopendent on program office estimatos

of the number of inetructions, The indopendent oatimate is likely to

>
_

auffer from the name nourcon of error an tho program office estimate,

Finding #0 deteimined that most nmoftware coet estimates are un.hallenged,

Managors coannot count on errors being detoctod by nome outmide agency,

one nmajor cause of thone probleoms was possibly ldontifliod by IMinding
#2, The noftware cont ostimators at BS) do not possess n common, minimal
Level of work or oducationnl experience which might qualify them Lo properly
annlyso 0 major nofiwaro offort and ostimato softwaro cost, While a fow

wure woll qualifiod, othern had almest no work or educatlonel background

in noftwaro devolopmont.

An Aunosamont, Dosed on tho remonrch findalngs, 41U appesrs reanonabloe

to concludo that the current problems in the msoftware cont ontimating procouu
| at BOD aru inhibiting the develoypment of the accurate aud reliable estimatoa

1
“J which managors hood Lo mako good poftiware managomont decisions, i
|

- Program Offico Fntimanton = A Rucommondation

Onoe approach to minimizing tho above problems is to have all ESD

program officon utilize a common, nound, softwnre copt estimeting techniquo,
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L Basod upon this research, it is recommended that ESD tentatlvely adont a

2%
s

forthcoming software cost estimating addition to the RCA PRICE model as

'

the standard ESD software cout estimating technique,

Objective Of The Recoumendation, There is nothing that can be done to

reduce the estimating error due to the random variable nature of cost,

Likewise, until further cost research is porformed, little can be done to

reduce the error iunherent in any of the current estimating techuiques,

However, much of the error in program office aatimates may be caused by

& A AT PSS e ARSI Lt RO

the problems identified in the research fJ iaugs. The obJective of recom=

ST .y
-~ ..

monding adoption of the RCA PRICE modol as & standard tecknique is to

addresa this type of error,

Advantages Of A Common Techniqus, Indepeudent of what technique is

adopted, the use of a common technique promises many improvements to the

R 2 o4

current software cost eslimating process:

1, If estimates were produced from a common {echnique, managers
could then reamonable compare two estimates in making a decision,

2. Selecting a well=founded technique would eliminate the use of
many other techniques which are suspect in their predictive ability, The

wide range of unsupported cost parameters in use would be narroved,

4. A common technique could inuure that all estimators addressed
the same software coot olements and the same software development phases in
their estimatus, Each phase could be explicitly identified and estimated,

4, 'To lessen the prol.ems caumed by the disparate backgrounds of

: J the estimators, a minimum amount of training in the use of a common tech-
nique might be roquired, In liou of such treining, & common technigue could

be woll-defined and well~documented to minimize misinterpretations and errors

in ita application,
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5. With all ESD programe using the same technigue, a wealth of
information would soon be available to determine whether the technique was
successful and to determine hcs the technique might be improved, The
current use of many diffarent techniques inhibits this type of feedback,

6. The common technique couid specify which point in the range
of poseible costs is to be melected, No longer would estimates range from
the lowest possible to the higheat possible cost,

7. Finally, adopting a single technique would aid the independent
estimators at ESD, Instwa’ :f having to verify the reasonableness of many
di¢ferent and ill-defined twchniques, the indepenient estimator could
sinply have to insure that the common method was properly applied, He
might then spond more time and effort in insuring that the parameters
input to the model were reasonable, OCutside engineering asslstance to
verify the estimated number of instructions might be obtalned,

Tho RCA PRICE Model, The specific technique recommended for tentative

adoption is « forthcoming addition to tha existing RCA PRICE model (RCA,
1975), The PRICE modul was developed by RCA and has been marketed to a
wide variety of induvastrial and DoD ucers, To date, the model has primarily
been limited to the estimation of hardware cost, However, in the Fall of
1976, RCA plans to expand the model to include the capability to estimate
the cost of software development,

The software cost atimating addltion to the PRICE mndel is, to Bome
extent, an adaptatio:. of the Wolverton technlque diacussed in Chapter III,
The technique first requires the estimator to divide tne software into
modules and to estimate the size of the individval modules, The deasign is
requlred to procduce modules no larger than 1000 instructiona in s8ize, The

estimator is then asked to determine the type, complexiiy, and data storage
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requirementa of each module as well as any similarity between the new module
and past efforts,

After the modules have been classified, the model provides "“cost per
category of lnstruction" factors to estimate the cost of each module,

These factors are based upon experiences at RCA for a particular category
of instruction,

For each software development phase included in a particular program,
the model insures that each phase is explicitly addressed, [t also insures
that the various elements of software cost such as direct labor and computer
time are also oxplicitly addressed,

While the model is quite detailled, the information and judgments
required to use the model are falrly simple once a detalled software design
is available, The model is an on=line computer model which wakes it simple
for the estimator to input his information and judgments, It also makes it
eagy for an estimator to quickly determine the cost impact of proposed
changes to the soft{ware parameters,

Despite tho promising aspects of the RCA PRICE model, it has not yet
demonstrated that it is any better than other techniquos in consistently
producing accureale and reliable cost estimates, However, the reason fo»
rocommending the PRICE model is not that it has proven to produce hetter
ostimates, Instead, the recommendation is made due to the workable nature
of the model as well as Bome unlque advantages it offers,

RCA PRICE Model -~ Advantages, The RCA PRICE model is the result of a

woll pupported reoearch effort by a major hardware and software contractor,
Tt has beon developed with the best of motives - profit, Howevur, there

are other reasons for recommonding its use:
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5 w 1, The RCA PRICE model will be easlly available to all ESD pro-

B f . gram offices, The ESD Cost Analysis Division contracts with RCA for the
gA ' right to use the model, Consultation services as well as a complete

training program are also made available from RCA,

2, The PRICE model is now used to estimate hardware cost for
all ESD programs, In a briefing by the chief of the Cost Analysis Division,
the PRICE model was sald to conslstantly produce estimates within 10% of
the actual cost (Grimm, 1976), While this same success might not be
shared by the software addition to the model, the current success of the

model as well as its reputation merit its tentative adoption,

3. While the model requires a detalled software design, the
program offices at ESD have access to adequately gqualified software per-
sonnel who can properly utilize the model, No sophisticated knowledge of
cost estimating or of modeling is required,

4, One added advantage of the model is that it requires the
goftware to be divided into 1000 instruction modules, By requiring this

lovel of detall in the design, the model insures that the operational user's

requirements have been sufficiently defined to support a detailled design,

If such a design cannot be made, a program manager might infer that

additional effeort is required to more precisely and firmly define %the
sometimes eluslve userts requirements,

S5« The model will probably be adopted by other DoD agencies and
defense contractors, Such widespread use should result in large amounts of

feedback to RCA cuncerning the success of the model, Improvements in pro-

dictive accuracy should be quickly forthcoming from this feedback.
6. TInitially, the model will be based on the actual cost experi-

.- ences of RCA, a major and experlienced developer of both hardware and software
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systoms, The cost per category of instruction factors will represent

values measured by an intenaive RCA internal research program, This ﬂf‘

contrasts to other techniques where the sources of cost factors are fre-

quently not identified,

. SN

| 7. A major advantage of the RCA PRICE model is that it defines

P el g

in detail the varicus software cost oloments and development phases, With

; widespread use of the model, these definitions may serve to enhance the
1 ; flow of software cost information on a common basis,

|

|

The Recommendation., There are many problems inhibiting the develop-

ment of accurate and reliahle estimates at ESD, By adopting the RCA PRICE

model as a common technigque many of these problems can be minimized,

e T . - AN

o Therefore, the early adoption of the RCA PRICE model as the standard ESD

¥

software cost estimating methodology ia recommended,

\ Contractor Furnished Cost Information

Btk

A second part of the software cost estimation process which can bo
improved 1s the management of contractor furnished sofiware cost information.
The contractor furnishes such information in hie initial cost proposal and
in his periodic Cost Performance Reports (CPR), A more uniform policy

towards the use of this cost information can significantly improve the

software cost estimating environment at ESD,

Cost Proposals, Finding #9 indicated that not all program offices

receive data which supports the contractor's initial estimate of software
cost, Even where this information is furnished, it sometimes is no' auffi-
cient to enable the program office to judge the reasonableness of the
estimate, For example, the software cost might be based on an average
productivity of eight source instructions per day, However, unless thia

factor is supported by historical evidence, the p.o3ram office cannot

116

. AL APt P AL (o st e o ety o T
AT E ST S A



2

T T T TR T TR T T e —"

RATERR

-

ol A Y

N
Y
’

PR

ASM/SM/765=1

determine whethor tho claimod productivity and the resulting cost aroe
reasonable,

Without the ability to complotely understand how tho coniractor
arrived at his cost estimate, two problems can occur, The first problem is
one of misunderstanding, Difficultios in accurately doscribing the work to
be porformed as woell as tho short timo available for tho proparation of
technical propocals can cause glgnificant technical misundorstandings to
arimse betwoon tho Air Force and the contractor, These usundorateandings
can have a negative impact upon both parties and must b¢ avoilded,

Pinding #10 indicated that these misunderatandings do ococur, In one
case, contractors'! estimato of the mlzo 0f a moftware offort ranged from
153,000 instructions to 766,000 instructions, Contractor bids for the mame
gottware efforts ranged from a minimum of two~to~one to a maximum of
seventeon~to-ono for the three procuromonts atudiod,

One approach Lo minimizing those misunderatandings 1a to bave the
contractor fully oxploin tho assumptions ho mado in estimating the comt of
software, slgniflcant difforences in the olze of the offort or in the
level of diffilculty oxpoctad would indicato the need for additional tochnical
discusslon betwoon the technlcal reprosentatives of tho Alr Force and the
contractor, The comi omiimate, and the mothodology uwsoed in dexiving i%,
offer the best vohiclo for deternmining Lf any groos mliounderstandings
exint betwoeon thuo Air I'orco and the contractor, Howevor, to analyze the
contractorts esmtimato of cost, LSD must first require that all cost propusals
for software spocifically oxplain the method and assumptions used Lo make !

the estimato,

A mecond potential problem cen occur Lf the cost proposal does not

sutficiently detail tho software cost ostimate, The socond problom is the
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"huy~in" whore a contractor knowlngly oubmits an unrealistically low bid
for software, Au discussed in Chapter 11, a buy~in c¢an load not only to
inequitabloe contract awards, but eventunlly to additional coat to the Air
Force whon tho truo cost of tho software bhocomes apparont, The best mothod
to avoid this problem s to be able to fully analyse the contractor's
inltlal ostimato of voftware couts, T8 & conbractor cladus $hot ho will
exporionco a productivity of 20 source lnsiructions por man-duy, thon tho
program offico can tako action to verify the reasonadlonens of this fuctor,
Audits by tho Dofunmo Contract Audit Agoncy (DCAA) or studieu by the
Dofenmso Contract Adminlpiration Sorvicos (IXAS) c¢an bo usod to verlify
whothor tho factor Lo reanonablo Basod upon the nature of tho now work

and upon tho hintorleal porformance of tho contructor,

To avold buy~inp or misundorntandings, Lt 1o rocommonded that all
sontractor comt proponals for seftware be required to fully support the
sufitwaro cont ontlmato, Avmumptions no Lo the nlze of the offort or am Lo
tho oxpectod produstlivity should ho c¢loarly Ldontdfiod and supportod Ly
onglnooring and hihntormioal data, With o completo and mutual uwnderstanding
of tho contractorts inltlal ontlmnto of softwaro cost, a progroam manager
con Lo bottor annuroed that hisc program Lo off to o pgood and nolid ntart,

Gont Porformance Reportu, Flndlng #15 oxplored the copt dnformation

submlttod by contractors in tholr perlodic Cout Porformanco Roports, Grossn
undorestinnteu of poftwaro cout woro common, Those grosnn errors wore always
slow to bo dlecovered, Schodulos allippod and indirect cont hullt up, To
avold theso probloms, o contraclor nol only needu the abllity to produce
bottor inltlal outimatos, Ho wlmo noodns the ablility to quickly update thio
opbtimato au nctunl cost and porformance date Loecomo avallable to him, Tn

essonco tho contractor roqulres o dynwmlc ostimating abllity to gqulckly
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apsoss tho not impact of actual data, This dynamic abilivy is required to
poxrmit oarly dldontification of software problems, Tho surrent procese ia
not adequato,

Currontly, tho contractor simply socems to prepare his initial ostimato
and continuo to work until the actual cont makesn it blatantly apparent that
tho initial oslimato wus wrong, Major changoes in tho indtilal coutimabu do
not occur until Lt 4o too late to provont major schodulo slips, Instoad
of tlhls, o dynamlc abllity 1is roquired no that orrors in the estimato aro
idontified qulckly,

To obtadn Lhlie cupabllity, softwaro managers must f£irst understand all
uf the assumptiono which are mado in tho inltial softwuro cost ostimato,
¥For examplo, coertain modulos aro expoctod to be of a cortain length and
programmor productivity is oxpocted to be at a cortain level, As actual
#iz0 and productivity data boecomes availlable, the contractor saould bo
required to return to hils initlal ostimate to deotermine if there wora any
major exrrors in hle aspumptions, If thore were major orrors, then the entire
software ostimato may noed to bo reviwod, A contractor camnot simply ndd
the addlitlonal cont of ono module which doubled in mizo, Ho must detormine
if tho samo doubling in gize is possible or probable for tho remalning
effort,

To ald the contractor in developing a dynamic ostimato, the program
offico should bo able to dovelop tholr own dynamic estimate. Using the RCA
PRICKE modol, tho program office can dovelop an inltial estimale based on
the clearly idontifiocd assumptions made in the contractor's proposal, Ao
actual data is :ollectod, the program office can re~run the PRICE model to
neo 1f tho actual data causes any significant changes in tho total cost,

If significant differences are ldentified betweon the program offico estimate
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and the estimate in the Cost Performanco Roport, quick menagoment action

is indicated., Tho 'good times are Jjust around the cornoer' attitude muat

be avoided. As poilnted out by Finding #1%, things never got better in a
software dovelopment, They always got worse, With this in mind, it is
ezmential that the contractor develoy a dynamic ootimating capability to
quickly utilize the actual coslt and poriormance luodbuck which i4s avallabloe,

The Rocommendation, Contractor furnished soitware cost informution

can offer glgnificant improvementn to softwire management if a more uniform
and intensive policy in adopted towsards the mapagewment and utilizaetion of
this information, It is therefore roecommended that all comst propouvals foxr
softwaro bo required to fully explain and support the method and assumptions
used in estimating softwaro cost, In addition, tho estimates provided in
the Cost Performance Roports should bo dynamic estimates based on the feed-

back provided from actual cost and performonce data,

Future Resoarch Into Software Coust Matimation

[y

Aa proviously stated, the RCA PRICE model may not result in reliable
and accurate estimates, While the model does offar promise, it offers no
guarantees, Managers at ESD should not bo content with simply adopting
the RCA PRICE model, Further research into this ares ia esusential and
mansgera should insist that research is continuod to hetter descridbe the
relationships that oxist betweon software cost, software parameters, and
weapon aystem parameters,

Howpver, any further research into this area needs to be conducted
with strong direction and according to a definite plan, One only haas to
look at tho many references in this roport's bibliography to appreciate

that millione of DoD dollars must have been spent in the search for an

120
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accurate wsoftware cost estimating technique, Yot many of the sfforts aro
repetitive, Mnst are msmall efforts with large objoctives, Few, 1if any,
build upon the efforts of other researchers, The net rosult is that
despite the expenditure of millions of dollara, the past research efforts
bave not resulted in the develoyment of a techunlque which is relliable or
accurate, Idttlo if any use is mado by today's program nanagors of
yentorday's research into softwaro cost estimating, While the fallure

of past efforts may have many causes, some seem apparent, Most of the
effortm wore conducted on an individual basis, sponsored by different
agenclies, with little correlation or cooperation hetweon the efforts,

To insure that future remearch efforts do not ninply result in more
reporta and longor bhibdllographioms, research in the area must be strongly
guided by o well-~foundod plan, While thio type of rosomrch might best be
accomplished by a resoarch laboratory such as RADG, the direction of the
eftort ahould bho centored around the needs of tho product divisions such
as ESD, Mont of the data required for software cost rosearch im currently
being collected by thonme woapon system programs having major software
acquisitions, Any resocarch laboratory must rely strongly on this typm of
data, Whilo tho arrent data might not be uniformly c¢ollected, guldance
from a laboratory could be used to standardize the typo and level of softw
ware cost information collected from contractorm, With commcn cost olemonts
and common roltware development phases, remsearchors would finally bo able
10 amass enough reliable data to reasonably analyze the relationship
between cost aad other parameters,

In summary, future research efforts are vitally necessary, However,

any further research efforts should be strongly guided by a research plan,

Sl oD RLR »iqn-...r.-.\..,;.y_._.hw- e
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The roswarch laboratory and the product division should cooperate to the

fullest axtent, '"he laboratory is depondont upon the product division to - W ﬁ

provide well-defined software const data on actunl software acqulisiiions,

The product divislon is likewiso depondent upon tho labhoratory to eventually

provide an improved mothod for owutimating tho coont of software, Workinp

- TN W, A e

togother Jointly, future offorts ¢an provide tho intorsation noecuunory to

develop the moourate and rellable software ¢out ovutimabos roquired for good

nofiware monngemont,

Conclumion

TR IR T e .

In rousearching the aroen of moftwiaro cont entimation, it was ndmittodly

) oamler to rmerely oxplore how ontimaton were currontly holng proparod, 'ho

more difficult and more frultful resonrch remalnn - to develop a hottor

.. ‘W:;«,r
- —
-

software cont oatimating tochnique, llowever, this ronoarch has hopotully

accomplivhod Lte objectivo of providing managersn, vosourchervs, and oconi U
oatimators wlth an Incroeanod inmlght into thoe problemes of the nofitwaroe couni

T, |
b estimating proconns, 'Chis inalght moy speod the dovelopment ol bettoexr

ostimation technlquon,

N e

Howevor, thore in ono actlon which con voetior improve tho estimation

of softwoaxro than tho recommendationn made by thim offort or by any furthonr

resonrch offort, To improve softworo cout oustimation, software wmanugors

——

munt rocopgnizo tho vital importance that software cost ostimates havo \u

R i

many sofiware managomont docislons, Those wotlnaton aro not simply put

togetlLer to satinfy the xoquiromonin of a budgot, Instoad, tho ¢ustimato p
i
]
becomes ¢'p primary decision criteria in almonl overy major softwnare monn o= 'q
A
g

ment declulon, If decinion mokors want to improve tho mauangoment of poft-

ware acquisition, then they must rocopnizo tho lmportance thoat an accurato

122
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and reliable estimate has Lo the decimsion process, Onco managers rocognize
this, the increanmed effort and increased attention will probably result in
greater improvement to the software cost estimating process than any other
aotion,

laproving software comst estimates promimes to improve software manage-
mont, Iliowever, the roader should remember that cost estimation im only one
small facet of the msoftware management environment, 1If wo are to greatly
improve our ability to manage software, then we need to ocontinue research
in many other oritical areas such as software productivity, software oone
figuration control, and software milemstones, Comt oltinaeiﬁs is only one
small part of the manageaent problem,

In econolusion, thim remearoh has identified some problems whioh exiet
at ESD and may exist at othor Dol moftware acquisition activities, It ia
hoped that the recommendations resulting from thim resoarch effort are
tavorably conmidored and adopted by all such activities, Their adoption,
coupled with a groater awarsneuss of the problem area and further research,

prouise to improve tho management of moftware acquisition within DoD,
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Aggendix A

ACCI/Capt Bourdon/5227/MD/2 Apr 76

ACC 2 April 1976

Boftware Cost Estimation

DCB DCM MCK oCcN WWE
DCJ DCY MCv ocs XRI
DCK FAE OCD ocu YSX
DCL FAM OoCL ocw WX

1. Software cost estimation is a difficult and critical
prucess. In order to provide some insight into the
problems of software cost estimation, Capt. Tom Devenny,
an AFIT student, is performing a research effort to
describe and study the software cost estimation process
at ESD. This research effort should provide program
managers a better understanding of software cost estimat-~
ing and aid scftware cost estimators in preparing
estimates,

2. Your support of this research effort is requested.
Capt Devenny will be conducting interviews at ESD from
12 April through 23 April. Reguest you establish a ‘
point of contact for this interview. The point of b
coniact should be the person ur persons whom you believe ;
to be most knowledgeable of the software cost estimate(s) g
made for your program. K

3. Reguest the name(s) of your point of contact be
forwarded to ESD/ACCI, Capt Bourdon, by 9 April.

IR ClaMuT N
B?\!ﬁii’u‘;‘s sZmik’La B {
RICHARD W. GRIMM, Major, USAF

Chief, Cost Analysis bivision
Comptroller

ACCI

GRB/ 2Apr1é
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Appendix B

SOFTWARE COST ESTIMATION QUESTIONNAIRE

PRIVACY STATEMENT

In accordance with paragraph 30, AFR 12=35, the following information
is provided as required by the Privacy Act of 1974:

a, Authority:

(1) 10 v.s,.C,, 80«12, Secretary of the Air Force, Powers, Duties, r
Delegation by Compensation; and/or i

(2) EO 93-97, 22 Nov 43, Numbering System for Federal Accounts
Relating to Individual Persona; and/or

(3) DOD Inetruction 1100,13, 17 Apr 68, Surveys of Department of
Defense Personnel; and/or

(4) AFR 178=-9, 9 Oct 73, Air Force Military Survey Program.

b. Principal purposes, This survey is being conducted to collect
information to be used in research aimed at illuminating and providing .
inputs to the solution of problems of interest to the Air Force and/or :
1 ' DoD, Specifically, this survey aims to provide managers and software
o cost estimators greater insight into the area of software cost estimation,

4 - ¢, Routine uses, The aurvey data will be converted to information
N - for use in the research of software cost estimation problems. Results of
o Y the research, based on the data provided, will be included in a written
: naster's thesis and may also be included in published articles, reports,
or texts, Distribution of the results of the research, based on the
survey data, whether in written form or presented orally will be unlimited,

,i. }: : d, Participation in this survey ie entirely voluntary, )
YRS I i
SR : o, No adverse action of any kind may be taken against any individual .
t' %ﬁ ; who elects not to participate in any or all of this survey, i}
IR WS y R
.
A | {
-jﬂ 3 Interviewer: Capt Tom Devenny K
q - E
A*; ; '
R Time:
kSN '
oy, Place:
R
fﬂ é
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l. Briefly describe the softwure acquisition associatod with your
program, Whnt is being acquired? Whon? How?

2, Describe how tho program offico outimute of software cout was

obtained,
1
i
|
A ;
l
R
<
"’“?Jl 3. Briefly describe your educational and work background,

T e e
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o ]
E‘""} . i, How many years have you been involved in systems ]
o ‘ ‘ acquisition? . # of years "j
' 5. llow many of theso years have you been involved in
g the acauisition of computer software? # of years
i 6, llow many college credit hours of softwaro related :
{ } courses havo you attonded? .t of credit hours
; " 7. lavo you evor worked ap a programmor? wodos _No
) ; llow long? 7 or yooars }
! 8, lHave you evor directly suporvised a group of ﬁ
L programmern? Yeos No
. | How long? # of years
k
5, 9., llave you ever had any formal training in ;
. : comt ontimatlion? Yos No :
; 10, lHave you ove)r ustimmted the moftware cost :
o of other projoctn? Yos No ;
L“' ) 11, At the time that the program offico made its first formal (e.s.
- Program Managomont Plan) ostimato of sofitwaro development costs,
c how woll known waro the following facloras?
‘l
b g a, Type of computor (o,g. UYK~?7, UNIVAC 1108, otc)
. __Definitoly known __Gonerally known __S1lightly known __ Unknown 1
)
b, Configuration and typods of poripherale !
;' Dorinltoly known _ Goenerally known __Slightly known __Unknown
cs Momory and ntorage sive ’
_JDetrinitoly known _Gonorally lknown _ Slightly kuown _ Unknown i
de Oporating syutom
. Detinltoly known __Gonorally known _ Slightly known __ Unknown ‘
0, Compilor and/or asgemhlor ﬁ
A
_.Dotinitely known _ Gonorally known ___5lightly known __Unknown 'w
f, Number and type of intorfacos J
)
__Definitoly known __ Gonurally known __ Slightly known _ Unknown i
{
g, Number of dnput mossago typosn ;
__Definitoly known _ Gonerally known _ Slightly known __Unknown i
g
3
i
‘V‘
z,&
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F
E”'"}: he Number of output message types
: _.Dotinitely known __ Generally known _ Slightly known __ Unknown N

( N 1. Response time requirements

; _Dofinitely known __ Generally known __ Slightly known __ Unknown

Je Number of Computer Program Configuraution Itema (CPCIm)
: L __Definitely known __Generally known __Slightly known __Unknown

12, At the time the contract was awarded, how woll known were tho
following factors?

a, Type of computer (e,g, UYX~7, UNIVAC 1108, etc,)
_Definitely known _ Generally known _ Slightly known ___Unknown

b, Configuration and types of peripherals
_Definitely known __ Generally knwam _ Slightly known __ Unknown

¢e Momory and storago mlze
_Detinitely known __Generally known __Slightly known __Unknown

Definitely known ~_Gonoia11y known __ Slightly known __Unknown

0, Compiler and/or assembler

Definitely known _ Generally known __ Slightly known __Unknown

fo Number and type of interfaces
_Definitely known __Genorally known __Slightly known __Unknown

ge Number of input message types
. Definitely known __Generally known __Slightly known __Unknown

h, Number of output mesmsage typcs

__Detinitely known __Generally known __Slightly known __Unknown

d, Opeurating system
1. Response time requirements

Definitely known __Generally known _ _Slightly known __Unknown

Je Number of Computer Program Configuration Items (CPCIs)
_Definitely known __Generally known __Slightly known __Unknown

13, Are you familiar with the concept of a "management reserve'? Yes_ No
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14, Did the program office establish a management reserve

for sofiware? Yen No
15, If yes, was the management reserve left in the program

office budget until the contract was essentially complete? Yes No
16, Do you feel that a suftware management reserve should be

egtablished for each major software acquisition?

_Strongly agree _ Agree __No opinion _ Disagree __Strongly disagree
17, Do you feel that such a management reserve would be

approved during the budget procuss at HQ AFSC and Yos No
HQ USAF? No opinion

18, What size of a management reserve (as a percentage of
the estimated software cost) do you feel a program

aimilar to yours should budget? %
19, Was an independent cost estimate prepared for software? —Yes __ No
20, What was the independent estimate? 3
21, What was the program office estimate at that time? $

22, Which estimate do you feel is more accurate? SPO Independent
No opinion

23, Did you provide the independent estimator with your
estimate of the number of computer inatructlions? Yeos No

24, Briefly describe the type of information you provided
to the independent estimator,

25, Was the accuracy of the 3PO¥s software cost estimate
challenged by anyone? Yes No

26, If yes, by whom? (Please list)

\
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27, Was the accuracy of the contractor's software coumt
estimate challenged? Yes No

28, If yes, by whom? (Pleasme list)

-
ot sy A AT

.

} . 29, What was the program office estimate of software

§ g cost prior to contract award? 3
E

K

é1 % 30, What was the contractor®s estimate of software cost
3 ' in his proposal? $

3 31, BHow low do you believe the actual software cost might
] eventually be? $

! 32, How high do you believe softwvare cost might
eventually be? s

3%, What percentage of the contract period is complete? %

! 34, Which of the following conyractor tasks were included
in the program office estimate of software cost?

3 &, Analyze user requirement Yen No
b, Prepare system specification Yeos No Ly
¢, Define system interfaces Yes __ No
d, Design the data base oJes 110
e, Develop program test plans Yes No
f. ©Specify all input and output message formats Yos No
g, Demign and flow chart each computer program
component Yos No
h, Write coded program statements Yes No |
'"1
i, Compile and check program code Yos No ;
-
jo Plan and run functional test of each program Yos No i
i
f1 k. Plan and conduct integration test Yes No ‘
g 1. Train user personnel Yos No i
b - m, Conduct demonstration test Yoo No j
A S5 ﬁ
M - [
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i j g n., Assist in operational shakedown Yea No
F :. o, Develop roftware maintenance plan Yeon No
)
i p. Maintain software after delivery Yes __No
i 35, Did the contractor's cost proposal indicate how the

cost of software was eatimated? Yen __ No

. e

36, If yes, briefly describe the method the contractor used
to support his software coat estimatoe,

e w— r———r
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37, Was the contract for smoftware awarded ¢ompetitively? Yon No

q . 38, What was the lowest software cost contained in any of
8 , the contractor proposals (i.e, both successful and
unsuccessful bidders)? 4

—

39, What was the highest software cout contained in any of
the contractor proposuls (i,e, both successful and
unsuccessful bidders)? $

40, Does/will your contract call for the reporting of
cost data? Yoo No

41, Does/wlill the contractor report the cost of software
as a soparately identified item? Yean No

42, Does/will the contractor report the total number of
computer instructions? Yon No

43, Does/will the contractor ruport the total number of

computer instructlons for ocach Computer Program

Configuration Item (CPCI)?% Yoo No
44, Does/will the contractor report the total number of

direct man-hours charged to software? Yos _ _ No
45, Dosm/will the contractor report the total number of

direct man-hours for aeach CPCI? Yos No

e T
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Doen/will the contractor roport the number of machine
hours required for software development and temt? You No

Doem/will the contractor report the number of machine
hours required for the development and temt of oach
CPCI? Yos No

What was the contractor's budgeted comt for moftware
at tho following points after contract award?
S4x monthu? ]
Twolvu months? ¢
Eightoen monthw? $
Twenty-four montha? §
What was tho contractor's actual comt for softwaru
av tho following points after contract award?
Six montha? $
Twelvo monthe? $
Fightoon monthe? $
Twenty-four monthe? %
What was tho perocont completo reported for noft-
ware at tho following pointe after contract award?
Six monthe?
Twolve monthme?
¥ighteen montha?
Twenty~four montha?

What was tho program offico emtimated comt of software?

What was the software coamt estimato in the contractor's

proposal? $ 7

What wan che software cost cstimato at the Uymtom

Design Review? L I

How many months aftor contract award was tho Sysmten

Demign Review held? # of months

What was the moftware cost omtimate al the Preliminarxy

Design Review? 8§

How wany monthe after contract award was the

Preliminary Demign Review hold? # of months
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VITA

Captain Thomas voseph Devenny waas born in New York City on July 7,
945, He attended Manhattan Collogoe recoliving a Bachelor of Sclence degroe

in Electrical Bnpglnoering, Commisslonod Lthrovgh Odficow RVrewialng School,

he was first assisgnod oo & projoct onglnoor/manugor at tho Rome ALxr Doevelopw

ment Conter, (riffiss AI'B, New York and wap rosponsible for the devolopmont

and inatallation of throe unique data proceasing systems for USAFYE, ¥ID,

and USAFSS, Through a combination of luck and dodicated contractors,

these msystoms wero succomsful aud are atill in activo uno aftor mony years, j
Aftexr the tour st the ANSC laboratory,., Capt Devenny was ansigned to

the DCS/Hystens of Headquartors, Alr JForco Systoms Command as a systom 'ﬁ

officor, Rospounsiblo for the managomont and budgeting of numerous RADC

and BESD projects, he aloo partlolpated in atudles concerning the reorgani-

zation of AFSC and the aocquimltlion of command, control, and communications
systens,
Capt Devenny iu curxontly asalgnod to the fichool of Fnglnoeying, AMT,
whero he is puraulng o maoterts degroe Ln Lyntoms Managemont,
Capt Dovonny 48 marricd to tho former Mism Botty Chomin of Rome, Now
York, They have two childron, Kimborly and Michael, i
Pormanont addroos: 453 bast 80 Utroot j
Now Yoric, New York 100:1 f
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